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Abs t rac t  
This is t h e  f i n a l  r e p o r t  on NAS5-2 7382 covering t h e  pe r iod  November 
1982 t o  Apr i l  1986. It i s  divided i n t o  f o u r  s e c t i o n s  as f o l l o w s :  
The f i r s t  s e c t i o n  p rov ides  a list of pe r sonne l  who have c o n t r i b u t e d  
t o  t h e  program, i d e n t i f y i n g  t h r e e  s t u d e n t s  who have r ece ived  PhD d e g r e e s  
as a r e s u l t  of t h e i r  work on t h e  program and two who have r e c e i v e d  MS 
degrees .  Sixteen p u b l i c a t i o n s  and p r e s e n t a t i o n s  are a l s o  l i s t e d .  
The second s e c t i o n  i s  a p r e p r i n t  summarizing f i v e  i n - f l i g h t  a b s o l u t e  
r a d i o m e t r i c  c a l i b r a t i o n s ,  made i n  t h e  per iod from J u l y  1984 t o  November 
1985, a t  White Sands,  N e w  Mexico, of  t h e  s o l a r  r e f l e c t i v e  bands of t h e  
Landsat-5 Thematic Mapper (TM). The 23 band-ca l ib ra t ions  made on t h e  
f i v e  d a t e s  show a 2.52 RPIS v a r i a t i o n  from t h e  mean as a p e r c e n t a g e  of 
t h e  mean. 
The t h i r d  s e c t i o n  i s  a p r e p r i n t  t h a t  d i s c u s s e s  t h e  r e f  l e c t a n c e - b a s e d  
r e s u l t s  of s e c t i o n  two i n  c o n s i d e r a b l e  d e t a i l .  It p roceeds  t o  a n a l y z e  
and p r e s e n t  r e s u l t s  of a second ,  independent c a l i b r a t i o n  method based on 
r ad iance  measurements f rom a he l i cop te r .  
The f o u r t h  s e c t i o n  c o n s i s t s  of Chapters  3-6 of C a r o l  K a s t n e r ' s  
d i s s e r t a t i o n  t h a t  d i s c u s s  r a d i a t i v e  t r a n s f e r  through t h e  a tmosphe re ,  
model a tmopsheres ,  t h e  c a l i b r a t i o n  methodology used a t  White Sands and 
t h e  r e s u l t s  of a s e n s i t i v i t y  a n a l y s i s  of t h e  r e f l e c t a n c e - b a s e d  approach. 
SECTION I 
INTRODUCTION 
I. INTRODUCTION 
0 
T h i s  is  t h e  f i n a l  r e p o r t  on Con t rac t  NAS5-27382 t i t l e d  
“Spec t ro rad iomet r i c  C a l i b r a t i o n  of t h e  Thematic Mapper ,” cove r ing  t h e  
per iod November 1, 1982 t o  Apri l  30, 1986. It is divided i n t o  t h e  
f o l l o w i n g  s e c t i o n s :  
1. T h i s  i n t r o d u c t i o n  con t inues  w i t h  a l ist  of p e r s o n n e l  who have 
c o n t r i b u t e d  t o  t h i s  program, n o t i n g  i n  p a r t i c u l a r  t h o s e  s t u d e n t s  
who have r e c e i v e d  h ighe r  degrees  as a r e s u l t .  This  is f o l l o w e d  
by a l ist  of p u b l i c a t i o n s  and p r e s e n t a t i o n s .  
2. The second s e c t i o n  i s  a p r e p r i n t  summarizing f i v e  i n - f l i g h t  
a b s o l u t e  r a d i o m e t r i c  c a l i b r a t i o n s ,  made i n  t h e  pe r iod  of J u l y  
1984 t o  November 1985, a t  White Sands,  New Mexico, of t h e  s o l a r  
r e f l e c t i v e  bands of t h e  Landsat-5 Thematic Mapper (TEI). The  23 
band-ca l ib ra t ions  made on t h e  f i v e  d a t e s  show a 2.52 RPIS 
v a r i a t i o n  from t h e  mean as a pe rcen tage  of t h e  mean. 
3. The t h i r d  s e c t i o n  is a p r e p r i n t  t h a t  d i s c u s s e s  t h e  r e f l e c t a n c e -  
based r e s u l t s  of s e c t i o n  two i n  cons ide rab le  d e t a i l .  It p roceeds  
t o  a n a l y z e  and p r e s e n t  r e s u l t s  of a second,  i ndependen t  
c a l i b r a t i o n  method based on r ad iance  measurements  f rom a 
h e l i c o p t e r .  
4. The f o u r t h  s e c t i o n  c o n s i s t s  of Chapters  3-6 of Caro l  K a s t n e r ’ s  
d i s s e r t a t i o n  t h a t  d i s c u s s  r a d i a t i v e  t r a n s f e r  t h r o u g h  t h e  
atmosphere,  model a tmopshe res ,  t h e  c a l i b r a t i o n  methodology used 
a t  White Sands and t h e  r e s u l t s  of a s e n s i t i v i t y  a n a l y s i s  of  t h e  
r e f l e c t a n c e - b a s e d  approach. 
Personne l  
The fo l lowing  have c o n t r i b u t e d  t o  t h e  program: 
Harumi Aoki -- one-year v i s i t i n g  s c i e n t i s t  from PENTAX, Japan. 
S t u a r t  Biggar -- pursu ing  PhD 
Kenneth Castle -- PhD, 1985 "Absolute r ad iomet r i c  c a l i b r a t i o n  of a 
s p e c t r o p o l a r i m e t e r  ." 
Barbara Capron -- changed d i s s e r t a t i o n  topics .  
Nianzeng Che -- two-year v i s i t i n g  s c i e n t i s t  from Beijing I n s t i t u t e  of 
Technology, Peop les  Republic of China. 
Magdeleine Dinguirard -- 18-month v i s i t i n g  s c i e n t i s t  from CERT, France.  
E l a i n e  Ezra -- A g r i c u l t u r a l  Research Se rv ice ,  Phoenix (now a t  EG & G ) .  
Gunnar Fedosejevs -- Canada Centre  f o r  Remote Sensing. 
Ronald Holm -- PhD, 1986 "The a b s o l u t e  r ad iomet r i c  c a l i b r a t i o n  of space- 
based sensors ."  
Carol  Kastner  -- PhD, 1985 "Absolute r ad iomet r i c  c a l i b r a t i o n  of  t h e  
Landsat Thematic Mapper." 
Ray Jackson -- A g r i c u l t u r a l  Research Se rv ice ,  Phoenix. 
Linda Lingg -- changed d i s s e r t a t i o n  top ic s .  
Yalan Plao -- pursuing PhD. 
Susan Moran -- A g r i c u l t u r a l  Research Se rv ice ,  Phoenix. 
James P a l m e r  -- co-p r inc ipa l  i n v e s t i g a t o r .  
Amy P h i l l i p s  -- MS, 1985, "Absolute c a l i b r a t i o n  o f ,  and a t m o s p h e r i c  
measurements,  u s ing  a mult iband radiometer." 
P h i l i p  S l a t e r  -- p r i n c i p a l  i n v e s t i g a t o r .  
P h i l l i p  Tei l le t  -- Canada C e n t r e  for Remote Sensing. 
Sandra Witman -- MS, 1986 "Radiometric c a l i b r a t i o n  of  t h e  Thematic  
Mapper 48-inch d i a m e t e r  s p h e r i c a l  i n t e g r a t i n g  s o u r c e  us ing  two 
d i f f e r e n t  c a l i b r a t i o n  methods. 
Benfan Yuan -- 15-month v i s i t i n g  s c i e n t i s t  f rom t h e  I n s t i t u t e  of  
S p a c e c r a f t  System Engineering,  Peop les  Republic of China. 
I n  a d d i t i o n  w e  have been g r e a t l y  helped a t  White Sands by D. 
F e r r a l e z ,  D. Ream and R. K. Savage of t h e  Atmospheric Sc iences  
Laboratory a t  White Sands Missile Range. 
P u b l i c a t i o n s  
T h e  f o l l o w i n g  p u b l i c a t i o n s  and p r e s e n t a t i o n s  were s u p p o r t e d  by t h i s  
c o n t r a c t  : 
C. J. Kastner  and P. N. S l a t e r ,  "In-f l ight  r a d i o m e t r i c  c a l i b r a t i o n  of 
advanced remote s e n s i n g  systems," p re sen ted  a t  t h e  S o c i e t y  of Photo- 
o p t i c a l  I n s t r u m e n t a t i o n  Engineers Meeting, Conference 356, San Diego, 
C a l i f o r n i a ,  1982. 
K. K. Cast le ,  M. Dinguirard,  C. E. Ezra ,  R. G. Holm, R. D. J ackson ,  C. J. 
Kastner ,  J. M. Pa lmer ,  R. Savage, and P. N. S l a t e r ,  "In-progress  
a b s o l u t e  r a d i o m e t r i c  i n f l i g h t  c a l i b r a t i o n  of t h e  Landsat-4 s e n s o r s , "  
Post-symposium p roceed ings  presented a t  t h e  NASA Goddard Landsat-4 
E a r l y  R e s u l t s  Symposium, February 22-24, 1983. 
K. R. Castle, C. E. Dinguirard,  C. E. Ezra ,  R. G. H o l m ,  R. D. J a c k s o n ,  C. 
J. Kas tne r ,  J. M. P a l m e r ,  R. Savage, and P. N. S l a t e r ,  "P re l imina ry  
r e s u l t s  f o r  t h e  i n - f l i g h t  a b s o l u t e  c a l i b r a t i o n  of t h e  t h e m a t i c  
mapper," i n v i t e d  p a p e r  a t  t h e  Soc ie ty  of Photo-Optical  
Instru;;,:z;,tion Eng inee r s  meeting on Techniques f o r  E x t r a c t i o n  of 
In fo rma t ion  from Remotely Sensed Images, SPIE meet ing,  R o c h e s t e r ,  NY, 
August, 1983. 
P. N. S l a t e r ,  "A review o f  r ad iomet r i c  c a l i b r a t i o n  problems,"  i n v i t e d  
paper  a t  t h e  I n t e r n a t i o n a l  Colloquium on S p e c t r a l  S i g n a t u r e s  of 
Objects  i n  Remote Sensing,  Bordeaux, France,  September 1983. 
K. R. Cast le ,  R. G .  Holm, C. J. Kastner ,  J. M. Palmer,  P. N. S l a t e r ,  M. 
Dinguirard,  C. E. Ez ra ,  R. D. Jackson,  and R. K. Savage, " In - f l i gh t  
a b s o l u t e  c a l i b r a t i o n  of t h e  Thematic Mapper," IEEE Geosciences and 
Remote Sensing s p e c i a l  i s s u e  on Landsat-4, V. V. Salomonson, ed., pp. 
251-257, May 1984. 
J. Pi. Palmer,  " E f f e c t i v e  bandwidths f o r  Landsat-4 and Landsat-D' 
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c a l i b r a t i o n , "  Proc.  SPIE 475,  pp. 34-40, 1984. 
N-Z Che, R. D. Jackson ,  A. L. P h i l l i p s ,  and P. N. S l a t e r ,  "F ie ld  
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SECTION II 
SUMMARY OF CALIBRATION RESULTS 
Absolute Radiometric Calibration of the Thematic Mapper 
P. N. Slater, S. F. Biggar. R. G. Holm, R. D. Jacksont, Y. Mao. 
M. S. Morant. J. M.  Palmer, and B. Yuan 
Optical Sciences Center, University of Arizona. Tucson. Arizona 85721; the authors 
whose names are marked with a t are with the U. S. Department of Agnculture. 
Agricultural Research Service, U. S. Water Conservation Laboratory, Phoenix, 
Arizona 85040. 
The results are presented of five in-flight absolute radiometric calibrations. made 
in the period July 1984 to November .1985, at White Sands, New Mexico, of the 
solar reflective bands of the Landsat-5 Thematic Mapper (TM). The 23 band- 
calibrations made on the five dates show a f 2.8% RMS variation from the mean as a 
percentage of the mean. 
Introduction 
On July 8, and October 28, 1984 and on May 24. August 28, and November 
16, 1985, ground reflectance and atmospheric data were collected at White Sands. New 
Mexico at the time of TM image acquisitions of the White Sands area. These data 
were used in a radiative transfer code' to predict the spectral radiance at the entrance 
pupil of the TM. The site of known spectral reflectance was located on unprocessed * 
T M  digital images that had not been radiometrically corrected. The site had 16 pixels 
in the in-track direction and 4 pixels in the across-track direction (1 pixel = 30 x 30 
m). The average number of digital counts in each TM band was determined for the 
site. The calibration of each of the TM solar reflective bands was then calculated in 
terms of the average djgilal counts per unit spectral radiance for each band. 
These results constitute the body of t h s  brief communication. Further details 
and discussion of the results have been provided in a special issue of Remote Sensing 
of Environment' devoted to in-flight satellite radiometric calibration. A detailed 
account of the calibration of the SPOT-1 HRVs. which used the same methodology as 
employed here for TM. can be found elsewhere' in these proceedings. 
Results 
The results of the five calibrations at White Sands are listed in Tables 1-5. 
For comparison purposes data for a hypothetical Rayleigh atmosphere and no 
atmosphere are included at the bottoms of the tables. 
Symbols and abbreviations are defined in the tables. with the exception of: 
Eo - exo-atmospheric spectral irradiance on a surface perpendicular to the 
L - radiance (in all cases spectral). 
IC - internal calibrator on the TM. 
Pre - pre-flight calibration. 
Code - 
sun's rays and at  a distance of one astronomical unit (AU). 
spectral radiance values derived from the radiative transfer code. 
Table 1. CALIBRATION OF THE THEMATIC MAPPER AT WHITE SANDS ON JULY 8, 1984. 
Solar zenith angle 2: 29.2158 Latitude: 32 deg 55 min 
Solar distance in AU: 1 .Ot67 Longitude: 106 deg 22 min 
Junge size distribution: 2.65 Elevation: 1196 m 
Aerosol size range: 0.02 to 5.02 um Pressure: 662 mm (883 mbar) 
Refractive index: 1.54 - 0.011 Temperature: 31.3 deg C 
Time of sensor overpass:10:07.5 MST 
Calculated visibility: 200 km Nadir viewing angle: 5 deg. 
Relative humidity:36% 
Thematic Mapper bands 
Central wavelength um 
Tau M e  
Tau Rayleigh 
Tau ozone 
Tau water vapor 
Tau carbon dioxide 
Spectral reflectance 
Eo across band in W / d . u m  
Average image digital counts 
Preflight cal gains 
! Preflight cal offsets 
IC cal gains for July 8, 84 
IC cal offsets for July 8, 84 
Normalized code radiance 
Code TM L in W/d.sr.um 
Spectral L from preflight ea1 
Spectral L from IC cal 
X (Code-Pre) /Pre 
X (Code-IC) /IC 
Counts per unit radiance 
1 
0.4863 
0.0864 
0.1421 
0.0055 
0 0 0000 
0 . 0000 
0.4944 
1955.5 
>255.00 
15.553 
1.8331 
14.36 
0.1357 
25 2790 
2 
0.5706 
0.0777 
0.0735 
0.0232 
0 . 0000 
0.0000 
0.5613 
1826.9 
192.62 
7.860 
1.6896 
7.293 
2.2530 
0.1469 
259.59 
242.91 
261.03 
6.9 
-0.5 
0.742 
3 
0 . 6607 
0 . 0706 
0.0406 
0.0114 
0 . 0000 
0.0000 
0.6051 
1545 0 
234.00 
10.203 
1.8850 
9.638 
2 3450 
0.1623 
242.61 
227.50 
240.36 
6.6 
0.9 
0.964 
4 
0.8382 
0.0605 
0.0156 
0.0013 
0.0568 
0.0000 
0.6423 
1042.8 
189.18 
10.821 
2.2373 
10.537 
2.4590 
0.1548 
156.17 
172.76 
177.21 
-9.6 
-11.9 
1.211 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CASE FOR RAYLEIGE ATMOSPHERE 
Normalized code radiance 0.1400 0.1569 0.1684 0.1782 
Code TM L in W/mZ.sr.um 264.80 277.30 251.69 179.76 
Counts per unit radiance 0.695 0.930 1.052 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CASE FOR NO ATMOSPHERE 
Normalized radiance 0.1374 0.1559 0.1681 0.1784 
TM L in W/d.sr.um 259.84 275.60 251.26 180.02 
Counts per unit radiance 0.699 0.931 1.051 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Table 2. CALIBRATION OF THE T H W T I C  HAPPER AT WHITE SANDS ON OCTOBER 28, 1984. 
Solar zenith angle 2: 52.068 Latitude: 32 deg 55 min 
Solar distance in AU: 0.9932 Longitude: 106 deg 22 min 
Junge size distribution: 4.09 Elevation: 1196 m 
Aerosol size range: 0.02 to 5.02 um Pressure: 663.7 mm of Hg 
Refractive index: 1.54 - 0.011 Temperature: 12.4 deg C 
Time of overpass: 10:09.1 MST Relative humidity: 75% 
Calculated visibility: 120 km Nadir viewing angle: 5 deg. 
Thematic Upper bands 1 2 3 4 5 7 
Central wavelength um 0.4863 0.5706 0.6607 0.8382 1.6770 2.2230 
Tau M e  0.1360 0.1027 0.0750 0.0401 0.0028 0.0007 
Tau Rayleigh 0.1420 0.0739 0.0407 0.0156 0.0010 0.0003 
Tau ozone 0.0047 0.0198 0.0098 0.0011 0.0000 0.0000 
Tau water vapor 0,0000 0.0000 0.0000 0.0454 0.1241 0.0805 
Tau carbon dioxide 0 . 0000 0 . 0000 0.0000 0.0000 0.0094 0.0035 
Spectral reflectance 0.4380 0.5006 0.5407 0.5850 0.3592 0.1261 
Eo across band in W / d . u m  1955.5 1826.9 1545.0 1042.8 220.19 74.78 
Average Image digital counts 222.69 117.19 140.38 119.69 102.50 26.44 
Preflight cal gains 15.553 7.860 10.203 10.821 78.751 147.719 (0 Preflight cal offsets 1.8331 1.6896 1.8850 2.2373 3.2905 3.2117 
IC cal gains for 28 Oct 84 14.211 7.264 9.551 10.427 76.87 145.004 
IC cal offsets for 28 Oct 84 2,2570 2.2160 2.3700 2.3640 3.1400 3.4440 
Normalized code radiance 0.0805 0.0870 0.0973 0.0970 0.0491 0.0197 
Code TM L in W/d.sr.um 159.60 161.21 152.32 102.56 10 . 96 1.49 
Spectral L from preflight cal 142.00 146.95 135.74 108.54 12.60 1.57 
Spectral L from IC cal 155.11 158.28 144.50 112.52 12.93 1.59 
X (Code-Pre) /Pre 12.4 9.7 12.2 -5.5 -13.0 -5.0 
X (Code-IC) /IC 2.9 1.9 5.4 -8.9 -15.2 -5.8 
Counts per unit radiance 1.395 0.727 0.922 1.167 9.351 17.699 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CASE FOR RAYLEIGH ATMOSPHERE 
Normalized code radiance 0.0870 0.0979 0.1055 0.1141 0.0701 0.0246 
Code TM L in W/mZ.sr.um 172.45 181.33 165.20 120.59 15.64 1.87 
Counts per unit radiance 1.291 0.646 0.850 0.992 6.553 14.173 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CASE FOR NO ATMOSPHERE 
Normalized radiance 0.0857 0.0980 0.1058 0.1145 0.0703 0.0247 
TM L in W/d.sr.um 169.90 181.41 165.71 121.01 15.69 1.87 
Counts per unit radiance 1.311 0.646 0.847 0.989 6.533 14.135 
'0 * ** * ** *** * * * * * * * * * * * * * * *** ** ** * ** * ** *** * * * * * * * * * * ** * * * * * ** ** * * * * * * * * * * * * * * * * * * * * * * *** I 
Table 3. CALIBRATION OF THE THEMATIC MAPPER AT WHITE SANDS ON MAY 24, 1985. 
Solar zenith angle Z: 
Solar distance in AU: 1.0127 Longitude: 106 deg 22 min 
Junge size distribution nu: 3.39 Elevation: 1196 m 
Aerosol size range: 0.02 to 5.02 um Pressure: 661.0 mm 
Refractive index: 1.54 - 0.011 Temperature: 26.7 deg C 
Time of overpass: 10:09.2 MST Relative humidity: 35% 
Calculated visibility 130 km Nadir viewing angle: 5 deg. 
27. ai Latitude:. 32 deg 55 min 
Thematic Mapper bands 1 2 3 4 
Central wavelength um 0.4863 0.5706 0.6607 0.8382 
Tau M e  0.1392 0.0959 0.0775 0.0708 
Tau Rayleigh 0.1418 0.0734 0.0405 0.0155 
Tau ozone 0.0090 0.0380 0.0186 0.0022 
Tau water vapor 0.0000 0.0000 0.0000 0.0454 
Spectral reflectance 0.4695 0.5345 0.5778 0.6143 
Eo across band in W / d . u m  1955.5 1826.9 1545.0 1042.8 
Average image digital counts >255.00 182.53 218.97 181.77 
Preflight cal gains 15.553 7.860 10.203 10.821 
Preflight cal offsets 1.8331 1.6896 1.8850 2.2373 
IC cal gains for 28 Oct 84 14.2110 7.2640 9.5510 10.4270 
IC cal offsets for 28 Oct 84 2.2570 2.2160 2.3700 2.3640 
Normalized code radiance 0.1285 0.1365 0.1539 0.1535 
Code TM L in W/d.sr.um 244 . 94 243.21 231.87 156.07 
Spectral L from preflight cal 230.08 212.77 165.91 
Spectral L from IC cal 248.23 226.78 172.06 
Z (Code-Pre)/Pre 5.7 9.0 -5.9 
% (Code-IC) /IC -2.0 2.2 -9.3 
Counts per unit radiance 0.751 0.944 1.165 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. CASE FOR RAYLEIGH ATMOSPHERE 
Normalized code radiance 0.1353 0.1S17 0.1631 0.1728 
Code TM L in W/d.sr.um 257.95 270.21 245.76 175.74 
Counts per unit radiance 0.676 0.891 1.034 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CASE FOR NO ATMOSPHERE 
Normalized radiance 0.1322 0.1505 0.1627 0.1730 
TM t in W/d.sr.um 252.04 268.07 245.07 175.87 
Counts per unit radiance 0.681 0.894 1.034 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Table 4. CALIBRATION OF THE THEMATIC MAPPER AT WHITE S A N D S  ON AUGUST 28, 1985. 
Solar zenith angle 2: 35.954 Latitude: 32 deg 55 min 
Solar distance in AU: 1.0098 Longitude: 106 deg 22 min 
Junge size distribution: 3.77 Elevation: 1196 m 
Aerosol size range: 0.02 to 5.02 um Pressure:658.1 mm Hg or 877.42 mbars 
Refractive index: 1.54 - 0.011 
Time of overpass: 10:08.4 MST 
Calculated visibility 200 km 
Thematic Mapper bands 
Central wavelength um 
Tau Mie 
Tau Rayleigh 
Tau ozone 
Tau water vapor 
Tau carbon dioxide 
Single scattering albedo 
Spectral reflectance 
Eo across band in W / d . u m  
Average image digital counts 
Preflight cal offsets 
IC cal gains for 28 Aug 1985 
IC cal offsets for 28 Aug 1985 
Normalized code radiance 
Code TM L in W/d.sr.um 
Spectral L from preflight cal 
Spectral L from IC cal 
Z (Code-Pre) /Pre 
X (Code-IC) /IC 
Counts per unit radiance 
' 0 Preflight cal gains 
Temperature: 29.5 deg C 
Relative humidity: 21% 
Nadir viewing angle: 5 deg. 
1 2 
0.4863 
0.1016 
0.1412 
0.0068 
0.0000 
0.0000 
0.8498 
0.4973 
1955.5 
>255.00 
15.553 
1.8331 
13.822 
2.7930 
0.1241 
237.90 
0 . S706 
0.0763 
0.0731 
0.0287 
0.0000 
0.0000 
0.8311 
0 . 5624 
1826.9 
170.50 
7.860 
1.6896 
7.124 
3.0620 
0.1327 
237.77 
214.77 
235.03 
10.7 
1.2 
0.717 
3 
0.6607 
0.0588 
0.0403 
0.0141 
0.0000 
0.0000 
0.8133 
0.6018 
1545 . 0 
203.31 
10.203 
1.8850 
9.25 
3.1170 
0.1471 
222 . 84 
197.42 
216.42 
12.9 
3.0 
0.912 
4 
0.8382 
0.0386 
0.0155 
0.0016 
0.0341 
0.0000 
0.7824 
0.6422 
1042.8 
166.14 
10.821 
2.2373 
10.299 
2.7320 
0.1496 
153.02 
151.47 
158.66 
1.0 
-3.6 
1.086 
5 
1.6770 
0.0112 
0.0009 
0.0000 
0.0931 
0.0094 
0.6795 
0.4260 
220.19 
161.00 
78.751 
3.2905 
76.387 
3.3040 
0.0864 
18.65 
20.03 
20 . 64 
-6.9 
-9.6 
8.631 
7 
2.2230 
0.0069 
0.0003 
0.0000 
0.0604 
0.0035 
0.6324 
0.1600 
74.78 
44.00 
147.719 
3.2117 
143.754 
4.0520 
0.0358 
2.63 
2.76 
2.78 
-4.9 
-5.5 
16.754 
************************************t*********************************************** 
CASE FOR RAYLEIGH ATMOSPHERE 
Normalized code radiance 0.1304 0.1458 0.1555 0.1655 0.1096 0.0412 
Code TM L in W/d.sr.um 250.08 261.24 235.57 169.28 23.67 3.02 
Counts per unit radiance 0.653 0.863 0.981 6.801 14.568 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CASE FOR NO ATMOSPHERE 
Normalized radiance 35.954 0.1281 0.1449 0.1551 0.1655 0.1098 0.0412 
TM L in W/m2.sr.urn 245.69 259..58 234.90 169.20 23.70 3.02 
Counts per unit radiance 0.657 0.866 0.982 6.794 14.556 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Table 5. CALIBRATION OF THE THEMATIC MAPPER AT WHITE SANDS ON NOVEMBER 16, 1985. 
Solar zenith angle 2: 57.209 Latitude: 32 deg 55 min 
Solar distance in AU: 0.9886 Longitude: 106 deg 22 min 
Junge size distribution: 3.265 Elevation: 1196 m 
Aerosol size range: 0.02 to 5.02 UPL Pressure: 665 mm (886.7 -mbars) 
Refractive- index: 1.54 - 0.011 Temperature: 4.7 deg C 
T h e  of overpass: 10:07.4 MST Relative humidity: 45% 
Calculated visibility: >200 lan Nadir viewing angle: '5 deg. 
Thematic Mapper bands 1 2 3 4 5 7 
Central wavelength um 0.4863 0.5706 0.6607 0.8382 1.6770 2.2230 
Tau M e  0.0260 0.0212 0.0176 0.0131 0.0054 0,0000 
Tau Rayleigh 0.1418 0.0738 0.0407 0.0156 0.0010 0.0003 
Tau ozone 0.0054 0.0227 0.0112 0.0013 0.0000 0.0000 
Tau water vapor 0.0000 0.0000 0.0000 0.0182 0.0496 0.0322 
Tau carbon dioxide 0.0000 0.0000 0.0000 0.0000 0.0051 0.0019 
Single scattering albedo 0.8894 0.8843 0.8801 0.8732 0.8550 0.8471 
Spectral reflectance 0.4131 0.4805 0.5189 0.5629 0.3422 0.1116 
Eo acrosa band in W/rd.um 1955.5 1826.9 1545.0 1042.8 220.19 74 . 78 
Average image digital counts 195 -53 103.20 125 . 05 108 . 88 95 . 38 23.05 0 Preflight cal gains 1s . 553 7.860 10.203 10.821 78.751 147.719 
Preflight cal offsets 1.8331 1.6896 1.8850 2.2373 3.2905 3.2117 
IC cal gains for 16 Nov 85 13 . 889 7.204 9.402 10.354 77.19 145.191 
IC cal offsets for 16 Nov 85 2.7120 2.5610 2.6000 2.3580 3.1380 3.8230 
Normalized code radiance 0.0708 0.0769 0.0857 0.0908 0.0502 0.0174 
Code TM L in U/d.sr.um 141.72 143.70 135.43 96.90 11.31 1.33 
Spectral L from preflight cal 124.54 129.15 120.71 98 . 55 11.69 1.34 
Spectral L from IC cal 138.83 139.70 130 . 24 102.88 11.95 1.32 
% (Code-Pre)/Pre 13.8 11.3 12.2 -1.7 -3.3 -0.7 
% (Code-IC) /IC 2.1 2.9 4.0 -5.8 -5.4 0.7 
Counts per unit radiance 1.380 0.718 0.923 1.124 8.433 17.293 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CASE FOR RAYLEIGH A~OSPHERE 
Normalized code radiance 0.0725 0.0827 0.0891 0.0967 0.0589 0.0192 
Code TM L in W/d.sr.um 145. 13 154.65 140.86 103.16 13.26 1.47 
Counts per unit radiance 1 . 347 0.667 0.888 1.055 7.194 15.690 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CASE FOR NO ATMOSPHERE 
Normalized radiance 0.0712 0.0828 0.0895 0.0970 0.0590 0.0192 
TM L in W/d.sr.um 142.46 154.81 141.38 103.52 13.29 1.47 
r '0 Counts per unit radiance 1.373 0.667 0.884 1. 052 7.178 15.662 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Conclusions 
For the 12 reflectance-based measurements we have made in the TM visible 
bands, over a 16-month period. the RMS variation from the mean as a percentage of 
the mean is i 1 . s .  For 11 measurements in the ir bands it is S . 4 %  and the RMS 
variation for all 23 measurements is i2.8%. These results are discussed in detail 
elsewhere.' 
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A b s t r a c t  
I 
Varia t ions  repor ted  i n  t h e  In-f l ight  a b s o l u t e  radiometric 
c a l l b r a t i o n  of the Coas ta l  Zone Color Scanner (CZCS) and the  Thematic 
Mapper (TH) on Landsat 4 are reviewed. A t  s h o r t  wavelengths these 
s e n s o r s  exhibi ted a gradual  reduction in response,  w h i l e  in the  mid- 
a 
I n f r a r e d  t h e  Tw shoved o s c i l l a t o r y  var ia t ions.  
The methodology and r e s u l t s  are p resen ted  f o r  flwe re f lec tance-  
based c a l t b r a t i o n s  of t h e  Landsst 5 TH a t  White Sands, New Mexico, in 
t h e  per iod  J u l y  1984 t o  November 1985. These shov a 22.82 s tandard  
dev ia t ion  (one sigma) f o r  the  e h  s o l a r r e f l e c t i v e  bands. 
Analysis  and preliminary results of a second, independent 
c a l i b r a t i o n  method based on radiance measurements from a he l i cop te r  a t  
White Sands i nd ica t e  t h a t  this is p o t e n t i a l l y  a n  accu ra t e  method for 
corroborating t h e  results from the  ref lectance-based method. 
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Introduction 
With the advent of programs designed to monitor long-term changes in land 
processes. in the environment and in the global energy balance, the importance of 
absolute radiometric calibration of satellite-multispectral sensors has come to the fore. 
The on-board absolute-calibration methods now in use and the precision and accuracy 
requirements suggested for absolute calibration have been described elsewhere (Slater. 
1984. 1985). To summarize, the requirements are that we know the stability of the 
calibration to a precision of within f 0.5% of the saturation radiance, consistent with the 
noise-equivalent reflectance difference provided by high-performance sensors. and that 
the uncertainty in the knowledge of the absolute calibration should be in the range 21% 
to 25% depending on the requirements of the scientific investigation for which the 
calibration is to be used. 
In this paper, we review the variations in the in-flight calibration of the Coastal 
Zone Color Scanner (CZCS) and the Thematic Mapper 0 on Landsat 4. We then 
describe the improvements we have made to a reflectance-based method at White Sands, 
New Mexico. for the in-flight calibration of the TM on Landsat 5.  We present results 
for five absolute calibrations of the solar-reflective bands of TM. and then compare 
these results with the preflight calibration and with values derived from the TM internal 
calibrator. We present results of an analysis of a second independent calibration method 
based on downward-looking ground-radiance measurements from a helicopter. In 
conclusion we mention future refinements to the reflectance-based technique, including 
attempts to characterize aerosols more accurately and to account for the adjacency effect 
and for some of the systematic errors introduced by the sensor's electronics. 
Variations in Radiometric cdibratioo 
We briefly describe here the variations noted in the calibration of the Nimbus 7 
CZCS and the Landsat 4 T'M. 
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With respect to the CZXS. it is worth noting that Gordon (1981). showed that a 5% 
error in sensor calibration and a 10% uncertainty in the exoatmospheric solar irradiance 
can combine to give rise to errors exceeding 200% in the retrieval of water reflectance 
values. Although 10% appears too high for the uncertainty in exoatmospheric irradiance 
(according to Frohlich. 1983. it should perhaps be 1% to 2%). and although water- 
reflectances are low and therefore relatively hard to measure accurately, the point 
remains that sensor calibration errors can cause large errors in reflectance measurements. 
Gordon showed that, by measuring aerosol optical thicknesses and water radiance 
simultaneously with the satellite measurement of total radiance, one can reduce by an 
order of magnitude the error in determining water reflectance. 
In the summer of 1979. Viollier (1982) compared CLCS-derived water-reflectance 
values with measurements made near the surface. He found that the satellite value was 
less than the surface value by 3.5% at 443 nm and greater than the surface value by 
6.3% and 12% at 520 and 550 nm respectively. Viollier comments that. at the Fifteenth 
CZCS NFT Meeting. Gordon reported corresponding values of -2%. +2%. and 7% but 
t b t  Gordon had used a different set of calibration constants and exoatmospheric 
irradiance values. 
Gordon et al. (1983a) have described a method for the atmosphericarrection of 
CZCS data that can, in conjunction with ocean reflectance measurements, provide a 
calibration of the sensor. Their method uses a Monte Carlo atmospheric radiative 
transfer model and an algorithm that includes a ratio of the aerosol optical depth at 
wavelengths of 520 nm and 550 nm to that at 670 nm, where the Ocean reflectance is 
assumed zero. As Aranuvachapun (1983) points out. the accuracy of the algorithm 
depends mainly on the accuracy of this ratio. which is not currently measured by 
satellite remote sensing. The uncertainty of the method in determining pigment 
concentration is stated to be 30% to 40% over the concentration range 0.08 to 1.5 mg m-’. 
In three direct comparisons between shipmeasured and satellite-detemined values of 
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water-radiance, Gordon and aEsociates claim that the atmasphericcorrection algorithm 
had an average error of 10% to 15%. 
By computing the radiance at the satellite from known water-radiance values, 
Gordon et al. (1983b) proceeded to force agreement between the sensor-recorded 
radiance and the computed radiance by adjusting the Sensor calibration. Their results 
are shown in Figure 1 for band 1 of CZCS. The error bars represent the error induced 
by the uncertainty in the pigment concentration of the water. 
Gordon (1987) addresses the fundamental problems of calibrating CZCS observations. 
Elsewhere in this issue 
Hovis et al. (1985) used the second on-board calibration lamp, which is used only 
occasionally. to check the calibration of (=zcs after it had been in orbit for 5 1/2 years. 
They found no measurable change in the calibration. but it is important to note that the 
calibration lamp checks only the calibration of the focal plane detectors and associated 
electronics, as is also the case for the Multispectral Scanner System and the TM. In 
comparing CZCS data with data from a calibrated radiometer in a high altitude aircraft, 
Hovis and associates found a 25% degradation in the blue band. centered at 443 nm. 
after CZCS had been in orbit for four years and seven months. The longer wavelength 
bands exhibited progressively smaller degradations as shown in Figure 2. Because of the 
calibfation-lamp results, the degradation is attributed to a reduction in the reflectances of 
the telescope optics and the scanning mirror. 
Mueller (1985) has reported on the change in the calibration gains of the first three 
channels of the CZXS during its first four years of operation. Figure 3 shows the gains 
for the three channels centered at 443, 520, and 550 nm plotted against year and orbit 
number. The solid lines are linear regression models and represent the average fits over 
20 replications with independent samples of Gaussian random noise. The circles 
represent decay coefficients calculated for pixels in the central water masses of the 
northeast Pacific subtropical gyre. The squares are data points generated using the 
radiometric-sensitivity decay correction models of Gordon et al. (1983b) with random 
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noise. and the dashed lines are their models. Again the tendencies are as noted by the 
authors cited earlier, although it is interesting to note the linear fit used by Mueller 
compared to the quadratic fit used by Gordon et al. 
Frequently recorded values for the internal-calibrator (IC) gains and offsets for the 
solar-reflective bands of TM on Landsat 4 have been summarized by Barker (1985a). 
Figure 4 compares the preflight calibrations with the values from the IC. Again the 
results, as for the CZCS lampbased calibration, apply only to changes in the focal-plane 
filters and detectors and the associated electronics. The graphs in Figure 4 are divided 
into three sections. The left section shows the preflight calibration conducted under 
thermal-vacuum conditions. The middle section shows the results of in4rbit IC 
calibrations during the &led Scrounge image-processing era. The third section shows 
the results during the Thematic mapper Image Processing System (TIPS) era. The gains, 
G. are band averages of 16 detectors derived from the regression equation 
P = (G x E) + 0 where P is the observed IC pulse. E is the pr e A  ight value of the IC 
"effective" spectral irradiance, and 0 is the offset. 
The results in Figure 4 show decreases in the apparenf gains for band I amounting 
to 7% and 13% after 500 and 600 days from launch, respectively. Bands 2 and 3 show a 
similar pattern but with a smaller lass in gain. Band 4 departs from the trend exhibited 
by bands 1. 2, and 3 in showing a gain increase for the last calibration. Bands 5 and 7 
show oscillatory changes in gain. The amplitude of phase the oscillations is about 7%. 
Except for the cyclic pattern in bands 5 and 7. which are of unknown orgin. Barker 
(1986a) considers most of the changes to be IC- temperature dependent effects and 
estimates that their magnitude can range between zero and 15% depending on the 
detector band and IC-flag temperatures at the time of data acquisition. We repeat that. 
at best, IC-based results are indicative only of changes in the filteraetector-electronics 
part of the system and that superimposed on them should be the changes that occur in 
the reflectances of the optical components of the telescope and scan mirror 
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Reflectance-&sed cdibration of Meteosat 
In addition to the work described earlier on the in-flight calibration of the CZCT by 
reference to known water reflectances. the work of Koepke (1982) on the reflectance- 
based calibration of Meteasat is noteworthy. He used a radiative transfer program that 
accounts for multiple scattering in conjunction with ground reflectance data and 
atmospheric data to predict the radiance at the entrance pupil of Meteosat 1. 
Atmospheric water vapor was calculated using data from the nearest radiosonde. and the 
climatological values of ozone and oxygen were assumed. Ground level barometric 
pressure defined the Rayleigh optical depth. and a e r w l  optical depths were derived 
from visibility data. Four test sites were used: rough ocean, the savanna in Namibia. 
pastureland in northern Germany, and freshly fallen snow. Bidirectional-reflectance 
data were collected for these sites over a period of several months. Histograms of 
digital-image counts of these areas typically filled less than three columns, and often one 
column contained 60% of the pixels. We note, however, that Meteosat quantizes data to 
6 bits, so for low reflectances a three-mlumn spread represents a large variation in 
reflectance. Nevertheless. by using four targets and pointing the sensor into deep space, 
which fixed the offset point on the counts-versus-radiance curve, Koepke estimated the 
uncertainty to be on the order of 6%. This resourceful use of colateral data provided a 
valuable calibration of Meteasat 1. Koepke's estimate of a 6% uncertainty probably 
represents a lower limit on the uncertainty of the method because of its dependence on 
reflectance data that were not collected simultaneously with the Meteosat imagery and 
because of the use of visibility estimates that provide only approximate values for optical 
depths. 
Reflectance-based caIibration at White Sands 
On January 3, 1983, we made our first reflectance-based measurements at White 
Sands, New Mexico, to determine the absolute calibration of the Thematic Mapper on 
Landsat 4 (Castle et al. 1984. Kastner 1985). Since then we have made five more sets of 
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measurements for the TIVl on Landsat 5.  During this period we have made 
improvements with respect to (1) site location. (2) instrumentation, (3) measurement 
methodology. particularly the measurement of absolute spectral reflectance factor, and (4) 
data reduction and presentation. 
Site Location 
These and related topics will be discussed below. 
The alkali flats region at White Sands Missile Range was chosen for reflectance- 
based calibration purposes because it is a flat, extended area and, in the visible and near 
infrared, is of high, uniform reflectance. In addition, it is close to being a lambertian 
reflector, and it is at an elevation of about 1200 m in a region where the atmospheric 
aerosol loading is low and the expectancy of clear weather is high. 
We require a flat surface lo avoid topographically-induced variations in radiance 
across the site. Its being situated near the middle of a high reflectance area about 30 x 
30 km in extent results in the atmospheric adjacency effect (Pearce. 1977) being 
negligible except in band 1. Santer (1986). using the “5s” atmospheric program of 
Tanre et al (1985) &mates that the adjacency effect causes our predicted radiance 
values to be about 1% too high in TM band one; the percentage decreases as the 
wavelength increases. High reflectance and site elevation as well as low aerosol loading 
reduce the uncertainty in the calibration associated with characterizing the aerosols 
present (see the later discussion of results). A near-lambertian surface minimizes the 
errors introduced by the change in the solar zenith and azimuth angles during the 
roughly 45 minutes required to measure the reflectance of our 640 x 120 m site. 
The location for our first measurements on January 3. 1983 was Cherry Site near 
the southern end of the Northrup strip. We subsequently moved two miles east to 
Chuck Site where we occupy a building serviced by telephone and electricity. It is near 
a 900 turn in a compacted gypsum road that is detectable on a contrast-stretched TM 
image. this greatly facilitates the location of our measurement area on the image. 
Another advantage of Chuck Site is that it is 2 - 3 m higher in elevation than Cherry 
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Site and many other areas of the alkali flats region of White Sands. We have noticed 
that these lower lying areas are flooded after heavy rains. sometimes to a depth of 20 - 
30 cm, while the area around Chuck Site is not. 
New! Instrumentation 
In this section we briefly describe the design and operation of a new 
spectropolarimeter. two models of which exist. one can be mounted on a helicopter and 
the other is attached to an aubtracking mount, also described. Both instruments 
provide polarization data within spectral intervals of 10 nm or 20 nm. They can cover 
a lo. 2O or 5O field of view and have a dynamic range of 10' by use of neutral density 
filters. A laptop computer is used for data collection and storage purposes. The 
spectropolarimeter attached to the aut-tracking mount in principally used as a solar 
radiometer. although the tracking mount can also be programmed to provide sky scans. 
The solar radiometer has the capability, using a Si and a PtS detector, of making 
measurements from 0.42 to 2.5 pm. The automatic- tracking capability provides more 
accurately timed data than can be obtained using a manually operated instrument. T h e  
helicopter instrument at present operates only over the range 0.44 pm to 1.04 pm in 
other respects the spectropolarimeters are identical. 
Each instrument weighs I 1 kg. measures 19 x 26 x 28 cm. and requires 10 - 12 
watts to operate. A field stop at the focus of the objective lens of each instrument 
defines its angular field of view and a field lens forms an image of the aperture of the 
objective lens onto the detector. The position of the filter and aperture wheels, 
polarizer, wave plate, and detector assembly are computer controlled with precision 
placement and monitoring performed by a combination of stepper motors and encoders. 
A silicon photodiode detector, model UV444-B from ffi&G. was chosen for the 
visible and near ir (0.4 - 1.1 pm) because of its ruggedness and linearity over a large 
dynamic range. A PtS detector model #2309 from IR Industries was chosen for the 
range 1 to 2.5 pm. The detectors are mounted in a machined slide allowing both 
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detectors to use the same optics. The detector slide is heated to a stable temperature of 
abaut SPC. The thermal drift is low enough to give a useful signal-to-noise ratio in the 
ir. However, the ground radiance is too low for the use of an uncooled ir detector in 
the helicopter instrument. 
In the solar instrument. 10 narrowband filters were selected to asskt in the 
characterization of atmospheric constituents in the 0.4 to 1.04 prn range. Five narrow- 
band filters with central wavelengths in atmospheric windows are used to determine the 
aerosol optical depth. Three filters in the Chappuis band and one in the water-vapor 
band are used to determine the extinction due to ozone and water vapor. Three 
additional filters are provided to cover the ir. two at the band centers of TM bands 5 
and 7 and one narrowband filter centered at 2.25 pm. 
The portable spectropolarimeter used in the helicopter for measurements of the site 
from 3000 m above mean sea level (MSL) contains filters that closely match those in the 
first four TM bands. In addition there are eight narrowband filters identical to those 
used in the solar instrument. 
Figure 5 is a schematic of the optical, mechanical and electronic components of the 
spectropolarimeter. Light enters the instrument through a protective window, then 
through neutral density and spectral filters, and then through the objective lens, 
quarterwave plate, field lens, field stop. polarizer. to the detector. The instrument cycles 
through the spectral filters. taking two polarization measurements for each filter (the 
measurements are simply averaged when the spectropolarimeter is used as a solar 
radiometer). When cycling through the ir filters. the PbS detector is moved into position 
and the Si detector is moved out. The detector signal is amplified and then digitized by 
a 12-bit A/D converter. If the signal is out of range of the A/D converter. the 
appropriate neutral density filter is moved into position and a new reading is taken. 
The data are stored on a Radio Shack, TRS 80 model-100 portable computer for later 
analysis. 
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The computer controls the operation of the instrument and acquires and stores the 
data. The positioning of each component is controlled by stepper motors. The positions 
of the components are continually monitored through a set of 2-. 3- or 4bi t  encoders. 
The time is accurately recorded for each data point by reference to the internal clock of 
the model 100. 
When the instrument is used as a solar radiometer, pointing accuracy and temporal 
resolution of the data are maintained by an automated elevation-azimuth tracking mount. 
The mount consists of a tripod, a control box, and two turntables and a yoke. The 
control box contains power supplies and control interface electronics for the 
spectropolarimeter and the tracking turntables. The radiometer' is moved in azimuth and 
elevation by two stepper-motor-powered precision turntables. The position of each 
turntable is monitored by two 1Zbit. absolute-psition rotary encoders. The computer 
calculates the sun's position and sends appropriate commands to oorrect the positions of 
the turntables. The solar tracking is updated every 30 seconds and, typically. a complete 
data set of 12 spectral bands is taken every three minutes. 
As expected. the maximum elevation error for the tracker (0.350) occurs when there 
is maximum solar change in elevation. Similarly. the maximum error for azimuth, (OS0)  
occurs close to noon when there is a maximum change in azimuth angle. 
The results of a laboratory experiment have shown that a pointing error of S . 8 O  
for a 2O field of view and t2O for a 5O field of view do not introduce a significant 
change in the output of the spectropolarimeter. The accuracy of the tracker program is 
then adequate for our purposes. 
The solar instrument, although attached to a heavy tripod and control box. is 
portable and can be set up easily in nearly all remote field sites so long as 1 15 V AC 
power is available. The helicopter instrument is battery operated and is more portable. 
requiring only a 5 kg battery-interface box and a laptop computer. It can be attached to 
a mount on a helicopter, or to a yoke for field measurements. 
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Ground-bed ,  Re ftectance- Factor Measurements 
Reflectance-factor measurements of the gypsum sand at White Sands. New Mexico 
were made using two commercially available radiometers specifically designed for 
ground-based reflectance measurements in support of satellite experiments. The first, a 
Barnes Modular Multispectral khannel Radiometer' (Robinson et al.. 1981). nominally 
duplicates the six TM solar reflective bands. An MMR band without a counterpart on 
the TM (1.15 to 1.3 pm) will not be discussed here. The second instrument, an Exotech 
model 100-AX. nominally duplicates the first four TM bands. We devised a backpack 
transport system to suspend a radiometer about 1 m to the right side and slightly above 
the operator's shoulder level. This system (known as "yoke" or 'k ing")  allows 
numerous measurements to be made rapidly over an extensive ground area without the 
need for vehicles. Data were recorded with portable acquisition systems mounted on the 
front of the backpack system within easy sight and reach. 
The absolute reflectances of the gypsum sand targets were estimated by reference to 
The panels used were constructed by Che Nianzeng at the Optical WO, panels. 
Sciences Center and calibrated using the field method of Jackson et al. (1987). 
Four 16-pixel areas (each pixel representing 30m x +) were aligned parallel to the 
track of Landsat 5 at the Chuck Site. The layout of the sampled area is shown in 
Figure 6. The measurement sequence for the MMR began at the southeast pixel (nearest 
the block house at the Chuck. Site). First, a set of 12 readings was made over the BasO, 
reference panel, then 12 readings about 2 m apart were made on each of the four 
southernmost pixels. returning to the east on the four pixels immediately adjacent to the 
north, returning west on the next set of four. and again east on the fourth set of four. 
Trade names and company names are included for the convenience of the reader and 
imply no endorsement of the product or company by the University of Arizona or the 
United States Department of Agriculture. 
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The path was north-south centered on each pixel (the MMR readings are diagramed as 
opea circles in Figure 6). Following the first 16-pixel set. another 12 readings were 
taken on the BaSo, reference panel, and the next 16-pixel set was taken. Panel readings 
wae taken after each 16-pixel set. 
The Exotech measurement path was north-south. east-west, centered on the pixels 
(depicted as dots in Figure 6). As with the MMR. 12 referencepanel readings were 
taken first, then the southwesternmost pixel. proceeding four pixels north. then back 
south in the four pixels immediately east. The 16-pixel set was completed on the 
sadheasternmost pixel. Panel readings were made after each 16-pixel set. 
Approximately 45 minutes were required to record 64 pixels with 24 readings per pixel. 
Tbe time was centered on the satellite overpass time. 
The above described measurement sequence was followed for August 28. 1985 and 
Member  16. 1985. For May 24, 1985, only the MMR was used (open circles in Figure 
6). On July 8. 1984. and October 28. 1984. only the first ibpixei sei wiu G&-GiCd, 
and only with the MMR. 
Reflectance- factor cddat ionr 
Reflectance factors were obtained by ratioing the voltage measured over a target to 
tbe voltage measured over a BaSO, reference panel. multiplied by the reflectance factor 
for the reference panel at the particular solar zenith angle. Although fewer than 10 
minutes elapsed between reference panel readings, the voltages were interpolated to the 
time of target measurement. Details of the reduction of the field measurements to 
provide reflectance-factor data appropriate for satellite calibration are described in 
Jackson et al. (1986). 
The 12 measurements for each pixel and for each instrument were averaged to 
produce a single estimate of the reflectance factor for each pixel (typical standard error 
= fl.005). Next. 16-pixel averages were calculated for each of the four 120 x 120 m 
areas. Combining the results from the two instruments yielded 384 measurements for 
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each area for a total of 1536 measurements over the 120 x 480 m area for the first four 
TM bands. Results of this procedure for two dates are given in Table 1. The data in 
Table 1 show good agreement between the two radiometers, and indicate the small 
reflectance differences between the four 16-pixel areas. 
Nodambertian properties of gypswn sands 
Because 40 to 45 minutes were required for the reflectance-factor measurements, it 
was necessary to evaluate the nonlambertian properties of the gypsum sands to 
determine whether changes in sun angle during the cuurse of the measurements caused 
differences in the reflectance factors. On two occasions. refle3ance-factor measurements 
were made of the same target at several sun angles. Data for one day are presented in 
Table 2. For sun zenith changes from 73.40 to 34.50. reflectance factors for the first 
four TM bands changed very little. well within the error of measurement. We conclude 
that the gypsum sands are essentially lambertian for nadir measurement and for this 
range of solar zenith angles. Departure from lambertian characteristics have been 
observed with nonnadir angles (Begni et al. 1986). 
Comparison of radiometer and TM spectral responses 
Band response functions for the two radiometers differ slightly from each other and 
from those of the TM. Since the purpose of making the measurements was to estimate 
the reflectance factor pertinent to the TM. it was necessary to examine whether the 
difference in response functions was significant. 
Reflectance spectra were measured at Chuck Site on March 8. 1986 by Teillet and 
Fedasejevs (1986). Reflectance factors for the various bands of the Tu MMR. and 
Exotech were determined by summing the product of the spectra and the response 
function for each band of each instrument, and dividing by the integral of the response 
function over each band. Ratios of the reflectance factors for the TM in relation to the 
MMR and Exotech are shown in Table 3. The differences are less than 1%. 
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Numerical procedure for locating sire on T M  imagery 
Reflectance-factor values for the 64 pixels were used in a simple BASIC program to 
identify the site in the TM data. Reflectance-factor values were converted to 
approximate digital counts to reduce the effect of rounding errors. A window of TM 
digital counts @Cs) covering an area encompassing the site was compared. pixel by 
pixel, to the array of reflectance-factor-bed DCs. The standard deviation of the 
differences between the TM-pixel Dcs and the reflectance-factor-bed Dcs was 
calculated for the first 64 pixels of the array. Next, the set was moved one column and 
the new deviation was calculated. The &pixel overlay was moved over all columns, 
then lowered a row. and over all columns again until all pixels in the array had been 
compared with the reflectance-factor-based Dcs. The site was indicated by the pasition 
of the overlay having the lowest standard deviation. This procedure quantified the 
otherwise subjective visual location of subtle differences on the generally uniform white 
gypsum- 
Description of data nunrmry tables 
Table 4 lists the results of the TM-5 calibrations at White Sands on October 18. 
1984. Tabular summaries for July 8. 1984, May 24. 1985. August 28, 1985. and 
November 16. 1985, can be found elsewhere (Slater et al. 1986). 
The determination of the quantities listed in Table 4 is briefly as follows. The 
Rayleigh optical depth was determined from a knowledge of the barometric pressure and 
wavelength. The total optical depths were determined from the slopes of Langley plots 
in which the log voltages from the solar radiometers were plotted against air masses. In 
spectral regions unaffected by absorption. the Mie optical depth at any wavelength was 
determined by subtracting the Rayleigh from the total optical depth at that wavelength. 
An optical depth versus wavelength curve was fitted through the points that spanned the 
absorption region due to ozone. The difference between the values on this curve at a 
given wavelength and the total minus Rayleigh value at the same wavelength gave the 
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ozone optical depth at that wavelength. A Junge radial size distribution (Junge. 1%3) 
was assumed for the aerosols. The Junge u parameter is defined in the equation 
where N is the number of particles, r is their radius, and C is a constant. The value of 
u. needed to find the aerosol phase function, was determined from the slope of the log 
TMIE versus log A curve. 
A computer program by Dave (1%9) was used to determine the scattering phase 
function and the single scattering albedo. This program in included as one of the 
subroutines within the Herman code. 
The LOWraAN 6 program by Kneizys et al. (1983) was run to determine the 
transmittances of water vapor and carbon dioxide in the solar-reflective bands. Average 
optical depths for water vapor and carbon dioxide and T& were determined for 
TM bands 4. 5. and 7 by integrating the LOWTRAN transmittance spectra between the 
spectral response limits of the TM bands as defined by Palmer (1984). The TH,O values 
were found to be 0.035. 0.0915. and 0.0594. and the TCO, valuer were 0.0. 0.0094. and 
0.0035 respectively. The range of predicted TH,O values for White Sands was 
determined by d i n g  these TH,O values by the ratio p~,o (0, RH. T)/0.59. where p~,o 
(0. RH. T) can vary. at White Sands, between 0.01 and Ig cnr2krn-l. The relative 
humidity and temperature were measured at Chuck Site at the time of overpass. The 
amount of atmospheric water vapor was then determined from a family of curves of 
different constant relative humidities that are on a graph of water vapor concentration 
plotted against temperature (McClatchey et 4.. 1972). 
The normalized code radiances refer to the results of calculations using a radiative 
The radiances are at the 
For use in the 
transfer d e  described by Herman and Browning (1975). 
entrance pupil of the TM for unity exoatmospheric spectral irradiance. 
. 
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code, the atmosphere is divided into a sufficient number of plane-pardel layers such 
that changes within each layer are due only to single-scattering processes. m e  &US- 
Seidel iterative technique is used to solve the equation of radiative transfer. Upon 
convergence. all multiple scattering effects have been taken into account. Values of 
5.02. 0.02. and 0.04 pm were used for the maximum and minimum radii and 
incremental step size. respectively. for the aerosols. The aerosols were given a refractive 
index of 1.54-0.01i. an average value for the region as measured by Jennings et al. 
(1978). A vertical aerosol distribution as measured by Elterman (1966) was assumed. 
The exoatmospheric spectral irradiance data are those recommended by Fr6hlich and 
published by Iqbal (1983). They represent a carefully edited combination of results 
published by Neckel and Labs, Thekaekara Arvesen and others. The values were 
adjusted to yield an integrated value of 1367 Wm-2. the solar constant as proposed by 
the World Radiation Center. 
The code TM spectral radiance is the product of the exoatmospheric irradiance and 
the normalized radiance determined from the Herman code. 
The average number of image digital counts was determined for the TM image of 
the site. For the first measurement the site comprised two areas each 4 x 4 pixels in 
size on opposite sides of a mmpacted-gypsum road. For the second measurement the 
site was 8 x 4 pixels on the north side of the road, and in the last three cases it was 16 
x 4 pixels. also north of the road. For our mfibration of the Landsat 4 7"l (Castle et 
al.. 1984). we had to identify the particular detectors crossing the 4 x 4 pixel area. This 
is not so important for the Landsat 5 TM because the detector response uniformity is 
much better. Nevertheless we did decide to measure the reflectance of an area 16 pixels 
long in the track direction so as to be taking all detectors into account in the average 
value used for calibration. 
We used data supplied by Barker (1985b and 1986b) to compare our calibration to 
The relation those obtained preflight and in-flight from the internal calibrator (Io. 
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between average spectral radiance. LT, and digital counts, DC. is LT - @C - O)/G, 
where G and 0 are gain and offset. The average values for the gains and offsets of the 
16 detectors in each band are listed in Table 4 for all the bands. The absolute 
calibration is given in counts per unit spectral radiance to provide a value that 
appropriately decreases with a decrease in the transmittance of the optics or with a 
reduction in the responsivity of the detectors. A single value is an adequate description 
of the calibration of the TM because the preflight calibration and IC show the system is 
extremely linear in its response. O n l y  for low radiance cases. corresponding to less than 
about 30 Dcs, does the system depart from linearity. 
The lower two sections of Table 4 are included to compare our results with those 
computed for a Rayleigh atmosphere and no-atmasphere. 
Dismsion of ref lectance-based cdibration restrlts 
The spectral radiance results in Table 4 for TM bands I to 4 are graphed in Figure 
7. The abbreviations beneath the figure apply to spectral radiance values as follows: 
PRE the values corresponding to the preflight calibration gains and offsets and the 
digital counts for the image of the site; IC. the values corresponding to the internal 
calibrator gains and offsets for that day and the digital counts for the image of the site; 
CODE the values as determined from the ground and atmospheric measurements, a 
knowlege of the exoatmospheric irradiance, and use of Herman's radiative transfer code; 
HELI. the radiance values measured by the helicopter, where the additional lines at the 
top of these bars show the helicopter values as corrected by reference to the percentage 
differences in Figure 12; and RAY. the values using the Same spectral reflectances and 
exoatmospheric radiances as used in the CODE but assuming a Rayleigh atmosphere 
Several points are noteworthy. Firsf the CODE and corrected HELl values agree 
closer with the IC values in bands I .  2 and 3 than with the PRE values. Second. the 
PRE values are always less than the IC and corrected KELI values; band 4 provides the 
single exception of the PRE exceeding any other value. This indicates that. on this date. 
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Thl had less responsivity than preflight. and. because the IC values generally tend to be 
lower than the CODE and corrected HELI values the decrease in response is likely to be 
due to both a decrease in transmittance of the telescope and a decrease in response of 
the f i l t e r / d e t e c t o r / e l e i ~ .  Third. the corrected HELI values agree well with the 
CODE values. This is particularly true for RUI bands 1. 2 and 3. The difference 
between the CODE and HELl values in band 4 may be due to a systematic error in the 
calibration of the helicopter radiometer and/or an error in the assumptions used in the 
code. eg., the Junge u value or the complex index of refraction of the aerosols. which 
has been asumed to be wavelength independent. Finally, in earlier presentations of 
these data for example. Biggar et al. (1985). substantial differences were reported 
between PRE and IC and the CODE HELI. and RAY values. Recently, these 
differences have been found to be due to the inadvertent use of an image extraction 
program that rescaled the image to set the maximum pixel digital count in the image to 
255. This gave rise to errors that varied from band to band and that were tentatively 
explained as being due to luminescence effects in the thin atmasphere that surrounds the 
spacecraft foffowing an adjustment of the orbit. Fortunately, the present consistent 
results do not require such an imaginative explanation. 
Figure 8 compares the counts per unit radiance for our five measurement dates. It 
is evident that there is a general tendency for the counts per unit radiance. ie.. the 
system response. to decrease over the 16-month measurement period. In contrast to the 
results reported earlier for the CZCS, the results do not show a noticeable wavelength 
dependence. 
Figure 9 compares the average values for counts per unit radiance for the five 
measurements with the average IC-derived values for four dates (no IC data are 
available for May 24. 1985). There is excellent agreement between the CODE and IC 
values in the visible and less. but still good agreement in the ir. The band 5 and 7 
comparisons it should be remembered, are inadequate because only three data sets are 
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involved. and Barker (1986a) has noted that the IC response for the TM-5 may be 
oscillatory as it was for TM4 (see Figure 4). 
The results in Table 4 for October 28. 1984 and those for the other four dates 
(Slater et al.. 1986). include results for a Rayleigh atmosphere and no atmosphere. It is 
interesting that for Th4 bands 1 through 5 and band 7 the full-atmosphere radiances are 
93%. 89%. 92%. 85%. 70%. and 80% of the radiances for the Rayleigh case respectively. 
The small differences between the spectral radiances for the Rayleigh and full 
atmosphere cases are due to aerosol scattering and absorption. The latter cannot be so 
accurately determined as the surface spectral reflectance and barometric pressure, which 
are all that are required as input to a radiative transfer code to determine the spectral 
radiance at the top of a Rayleigh atmosphere. Thus the major component of the spectral 
radiance can be determined accurately at White Sands because of its high surface 
reflectance and elevation and atmospheric visibility. Fortunately, the uncertainties 
introduced into the final result by the more difficult quantities to determine, for 
example, aerosol scattering and absorption. have a secondary effect on the final result. 
Also interesting is the extremely close agreement between the Rayleigh and no- 
atmosphere results in Table 4. These show that the attenuation by scattering in the 
Rayleigh case is almost exactly offset by the path-radiance component incident at the 
satellite. 
Radiance-Based Methods 
Figure 7 shows that the radiances as measured at 3000 m MSL at White Sands are 
a b u t  the same as those measured by the TM. This result prompted a more detailed 
examination of the variation of radiance with altitude as a function of wavelengh. 
reflectance, and visibility. 
Starting with the atmospheric conditions of October 28. 1984. at White Sands and 
with a solar zenith angle of 35' we calculated radiance values for altitudes between 
ground level (11% m at White Sands) and 21.000 m (the operational altitude MSL of the 
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NASA U-2 or ER-2 aircraft) and for above the atmasphere. Graphs were then plotted 
of the percentage difference (the differences between the radiance above the atmosphere 
and at an intermediate altitude divided by the radiance above the atmosphere. the whole 
quantity expressed as a percentage) against MSL. These are shown in Figure 10 for the 
first four solar reflective TM bands. As anticipated. the results for reflectances less 
than 0.1 show large percentage differences. but what is intriguing is the sign change in 
the percentage difference for refleclances between 0.25 and 1.0 for bands I ,  2. and 3 
and between 0.1 and 0.25 for band 4. These results show that, for a reflectance of 0.5 
and an altitude of 3OOO m MSL. the percentage differences are +2.5. -1.0, -1.0, and -2.0 
for bands 1. 2. 3. and 4 respectively. This verifies the experimental observation that for 
the White Sands conditions of October 28. 1984, helicopter radiance values at an altitude 
of 3OOO m MSL are close to those for space and require only a small correction. which 
can be made accurately. 
With this promising result. the investigation was extended to determine hou general 
this condition might be. Visibilities of 10 and 23 km were considered for a reflectance 
of 0.5 at all wavelengths. The input values are listed in Table 5. the refractive index 
was 1.54-0.01i in all cases, and Junge u values of 2.9 and 2.6 were used for the 
visibilities of 10 and 23 km respectively. 
The output plots of percentage difference. as defined earlier, against altitude above 
MSL are shown as Figures 11 and 12 together with the Rayleigh atmosphere curve for a 
wavelength of 0.49 pm. The positive difference for X = 0.49 pm is due to the fact that 
the large path-radiance term contributed more to the total radiance than is lost by the 
attenuation of the ground-reflected term. The other curves show increasing negative 
differences for altitudes approaching ground level, owing to the heavy aerosol loading in 
the lower atmosphere. The bowing of the X = 0.57 pm and 0.66 pm curves at 
intermediate altitudes is due to reduced path-radiance from Rayleigh scattering and the 
presence of Ozone absorption at those altitudes. Note that for an altitude of 3OOO m and 
- 21 - 
a visibility of 23 km the percentage differences are +3.0, -1.4, -0.9. -0.8. -2.3, and -1.6 
for wavelengths of 0.49. 0.57. 0.66. 0.84. 1.67. and 2.22 pm respectively. Furthermore, 
the percentage differences are less than twice these values for a visibility of 10 km, as 
can be seen from the remarkable similarity between Figures I 1  and 12. 
Conclusion 
Satellite multispectral sensors typically exhibit reduced sensitivities in flight 
compared to preflight. In the case of the CZCS. an exponential degradation has been 
noted that is greater in the short wavelength bands than in the long wavelength bands. 
The results presented here for the TM visible bands demonstrate the same lower 
sensitivity in flight than preflighl and suggest that there is a tendency for this to be 
wavelength dependent but to a lesser degree than for the CZCS. Also the observation 
by Hovis et al. (1985) that the decrease in the CZCS response is due entirely to a 
reduction in the transmittance of the telescope may not hold for the TM. For the TM 
visible bands, our reflectance-based and radiance-based measurements. taken in 
conjunction with the internal calibrator results. indicate that the reduction in sensitivity 
may be due partly to a lass in telescope transmittance and partly to a lass in sensitivity 
of the filters, detectors, and associated electronics. 
For the 12 reflectance-based measurements we have made in the T M  visible bands. 
the RUT variation from the mean as a percentage of the mean is i I  .9% over a ]&month 
period. For I 1  measurements in the ir bands it is i3.4%. The RMS variation for all 23 
measurements is 22.8%. (All Rus variations are one sigma.) Whether the higher RMS 
variation in the ir is because the system response is less stable in the ir than in the 
visible or because there are inaccuracies in our determination of the effect of water- 
vapor absorption. or a combination of the two, is hard to ascertain. Sensitivity analyses. 
(Kastner and Slater. 1982; Kastner, 1985) have shown that a large uncertainty (30%) in 
water-vapor content for mean conditions at White Sands of 0.1 g cm’2km’1 changes the 
radiance in TM band 5 by only 2%. It seems probable therefore that the observed 
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variations are due mainly to changes in the system's response. Incidentally. we are at a 
disadvantage with respect to bands 5 and 7 because an inadequate-signal-t-noise ratio 
prevents our making ground-radiance measurements with the spectropolarimeter from a 
helicopter in these bands. 
A comparison between the counts per unit spectral radiance as determined by our 
measurements (CODE). the preflight calibration (PRE). and the internal calibrator (IC) in- 
flight shows excellent agreement between CODE and IC values in the visible but 
consistently high values for the PR€ and good agreement between the PRE and IC 
values in the ir but consistently high values for CODE. As pointed out by Markham 
and Barker (1986) there are significant changes in the output of the IC with temperature 
of the IC flag in bands 5 and 7. The IC on TM-4 showed a i7% oscillatory variation in 
bands 5 and 7. This probably also occurs in TM-5 but there are insufficient data to 
prove this (Barker, 1986a). Thus, although the evidence is not conclusive. there are 
independent indications that the IC calibrations are less reliable in bands 5 and 7. and 
perhaps in band 4. than in bands 1.2. and 3. 
a 
The measurement of reflected spectral radiance by a helicopter at 30oO m MSL has 
been shown experimentally and theoretically to offer a precise alternative procedure to 
reflectance-based calibration for bands in the visible and near ir. However, when a 
given calibration method. such as the reflectance-based method described here. is said to 
provide results that agree to within i2.K this is an uncertainty in precision and not 
necessarily in absolute accuracy. The value of a precise. independent second method. 
which can be used simultaneously with the first. is that when the two agree to within 
their error budgets, we can become more confident that their precision represents an 
absolute accuracy. This then is one important reason for making the helicopter 
radiance-based measurements and the reason we hope others will continue their 
independent calibration studies at White Sands. 
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Having achieved an uncertainty in precision of i2.B for our calibrations at White 
Sands. we plan to refine the measurements and modify the digital m n t s  obtained at 
White Sands. We expect the most important improvements will be achieved by making 
sky polarization measurements and reflected- radiance measurements from a helicopter at 
the t h e  of sensor overflight. The results of the polarization measurements should 
improve our knowledge of the aerosol size distribution and the real part of the aerosol 
refractive index. The use of helicopter radiance data with ground reflectance and 
opticaldepth data will permit a comparison of actual and predicted spectral radiances at 
the helicopter altitude. We anticipate that a change in the imaginary part of the aerosol 
refractive index. which is used in the radiative-transfer code, will allow the results to be 
equalized. This seems to be a promising method to determine the effective imaginary 
part of the refractive index in the vertical air column above the ground site - a 
quantity that is difficult to measure by other methods and that probably represents the 
greatest uncertainty in the calibration. We also plan to determine the effect of the low- 
reflectance area surrounding White Sands on the code-predicted radiance values at the 
sensor, which assume an infinite surface of uniform reflectance. Finally. there are 
several TM detectorelectronic effects that must be taken into account now that the 3% 
level of precision has been reached. These include the memory effect, the unequal 
quantization bin sizes. and other small radiometric errors that may amount, at the most. 
to three digital counts or about 2% of the radiance level for TM bands 1 to 4 at White 
Sands. Further information on these effects can be found in other papers in this issue 
and in a special issue of Photogrammetric Engineering and Remote Sensing devoted to 
the Landsat Image Data Quality Assessment program (Markham and Barker, 1985). 
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Table 1.  Reflectance factors for the four 16-pixel areas. A, southernmost; D. 
northernmost. Measurements with the MMR were taken in the east-west direction, 
and measurements with the Exotech were taken in the north-south direction. 
Aurmst 28. 1985 
Equivalent TM band from MMR 
1 2 3 4 5 7 
D 0.503 0.567 0.6 10 0.634 0.420 0.155 
C 0.503 0.565 0.607 0.627 0.42 1 0.159 
B 0.484 0.543 0.582 0.605 0.407 0.157 
A 0.479 0.539 0.580 0.599 0.408 0.163 
Average 0.492 0.553 0.595 0.6 16 0.414 0.159 
Equivalent TM band from Exdech 
I 2 3 4 
D 0.507 0.577 0.6 16 0.649 
C 0.501 0.567 0.605 0.637 
B 0.487 0.548 0.585 0.6 16 
A 0.478 0.540 0.578 0.607 
Average 0.493 0.558 0.5% 0.627 
November 16. 1985 
Equivalent T?vl band from h4MR 
1 2 3 4 5 7 
D 0.432 0.499 0.539 0.566 0.359 0.128 
C 0.398 0.460 0.498 0.527 0.324 0.107 
B 0.390 0.450 0.487 0.514 0.306 0.0% 
A 0.403 0.465 0.502 0.530 0.328 0.107 
Average 0.406 0.468 0.507 0.534 0.329 0.109 
Equivalent TM band from Exdech 
1 2 3 4 
D 0.430 0.501 0.541 0.575 
C 0.400 0.468 0.507 0.544 
B 0.386 0.451 0.487 0.522 
A 0.394 0.46 1 0.4% 0.530 
Average 0.402 0.470 0.508 0.543 
Table 2. 
five solar zenith angles, measured with an Exotech 
radiometer over one target area. 
Reflectance factor data over gypsum sand at 
Zenith Equivalent Th4 band 
angle 1 2 3 4 
73.4 0.393 0.463 0.497 0.538 
63.1 0.397 0.464 0.501 0.542 
55.0 0.396 0.464 0.499 0.542 
47.0 0.392 0.461 0.497 0.541 
45.1 0.393 0.461 0.499 0.541 
34.5 0.388 0.454 0.490 0.528 
Table 3. Ratios of the reflectance factors for the TM. MMR and Exotech. 
TM 
1 0.9938 0.9960 
2 1.0096 1.0062 
3 0.9987 0.999 
4 1.0035 1.008 
5 1.0080 - 
7 1.0053 
Band TM/MMR TM/Exotech 
0 - 
Table 4. CALIBRATION OF THE THEMATIC MAPPER AT WHITE SANDS Oh’ OCTOBER 28, 1984. 
Solar zenith angle Z: 52.068 Latitude: 32 deg 55 min 
Solar distance in AU: 0.9932 Longitude: 106 deg 22 min 
Junge size distribution: 4.09 Elevation: 1196 m 
Aerosol size range: 0.02 to 5.02 urn Pressure: 663.7 mm of Hg - 
Refractive Index: 1.54 - 0.011 
Time of overpass: 10:09.1 MST 
Calculated vlslbllity: 120 km 
Thematic Mapper bands 
Central wavelength urn 
Tau Mie 
Tau Raylelgh 
Tau ozone 
Tau water vapor 
Tau carbon dioxide 
Spectral reflectance 
Eo across band in W/mZ.urn 
Average image digital counts 
Preflight cal gains 
Preflight cal offsets 
IC cal gains for 28 Oct 84 
IC cal offsets for 28 Oct 84 
Normalized code radiance 
Code TM L In W/m2.sr.um 
Spectral L from preflight cal 
Spectral L from IC cal 
X (Code-Pre) /Pre 
X (Code-IC) /IC 
Counts per unit radiance 
Temperature: 12.4 deg C 
Relative humidity: 752 
Kadlr viewing angle: 5 deg. 
1 2 3 4 
0.4863 
0.1360 
0.1420 
0.0047 
0 , 0000 
0.0000 
0.4380 
1955.5 
222.69 
15.553 
1.8331 
14,211 
2.2570 
0.0805 
159.60 
142.00 
155.11 
12.4 
2.9 
1.395 
0.5706 
0.1027 
0.0739 
0.0198 
0,0000 
0.0000 
0.5006 
1826.9 
117.19 
7.860 
1.6896 
7.264 
2.2160 
0.0870 
161.21 
146.95 
158.28 
9.7 
1.9 
0.727 
0.6607 
0.0750 
0.0407 
0.0098 
0.0000 
0.0000 
0.5407 
1545.0 
140.38 
10.203 
1.8850 
9.551 
2.3700 
0.0973 
152.32 
135.74 
144.50 
12.2 
5.4 
0.922 
0.8382 
0.0401 
0.0156 
0.0011 
0.0454 
0.0000 
0.5850 
1042.8 
119.69 
10.821 
2.2373 
10.427 
2.3640 
0.0970 
102.56 
108.54 
112.52 
-5.5 
-8.9 
1.167 
5 
1.6770 
0.0028 
0.0010 
0.0000 
0.1241 
0.0094 
0.3592 
220.19 
102.50 
78.751 
3.2905 
76.87 
3.1400 
0.0491 
10.96 
12.60 
12.93 
-13.0 
-15.2 
9.351 
7 
2.2230 
0.0007 
0.0003 
0.0000 
0.0805 
0.0035 
0.1261 
74.78 
26.44 
147.719 
3.2117 
145.004 
3.4440 
0.0197 
1.49 
1.57 
1.59 
-5.0 
-5.8 
17.699 ************************************************************************************** 
CASE FOR RAYLEIGB ATMOSPHERE 
Normalized code radiance 0.0870 0.0979 0.1055 0.1141 0.0701 0.0246 
Code TM L in W/mZ.sr.um 172.45 181.33 165.20 120.59 15.64 1.87 
Counts per unit radiance 1.291 0.646 0.850 0.992 6.553 14.173 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CASE FOR NO ATMOSPHERE 
Normalized radiance 0.0857 0.0980 0.1058 0.1145 0.0703 0.0247 
TM L in W/mZ.sr.um 169.90 181.41 165.71 121.01 15.69 1.87 
Counts per unit radiance 1.311 0.646 0.847 0.989 6,533 14.135 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3 '  
TABLE 5 I n p u t  Values f o r  R a d i a t i v e  T r a n s f e r  C a l c u l a t i o n s  
W a v e  V=10 km V=23 krn 
T R A Y  f H , O  %o, ~ M I E  ~ M I E  Leng th  pm 
0.49 0.1630 0.0066 0.0 0.0 0.5393 0.2927 
0.57 0,0844 0.0277 0.0 0.0 0.4665 0.2657 
0.66 0.0466 0.0136 0.0 0.0 0.4089 0.2434 
0.R4 0.0178 0.0016 0.0335 0.0 0.3303 0.211 1 
1.64 0.0011 0.0 0.0915 0.0094 0.1766 0.1391 
2.22 0.0004 0.0 0.0594 0.0035 0.1374 0.1176 
Figure Captions 
The decay factor with orbit number for the first band of the CZCS 
(Gordon et al.. 1983b). 
Figure 1. 
Figure 2. 
Figure 3. 
Figure 4. 
Figure 5.  
Figure 6. 
Figure 7. 
Figure 8. 
Figure 9. 
Figure 10. 
Figure 11. 
Figure 12. 
The percentage degradation in the response of the CZCS with time for 
the first four spectral bands (Hovis et al., 1985). 
Corrections for the radiometric sensitivity of the CZCS with time for 
the first three spectral bands (Mueller. 1985). 
The apparent gain change with time for the solar-reflective bands of 
the TM on Landsat 4. The gain values are in digital counts per 
mWcm-2sr-1pm-1 (Barker, I985a). 
Schematic of the optical. mechanical, and electronic components of the 
Bpectropolarimeter (Castle. 1985). 
The layout of the 16 x 4 pixel measurement area near Chuck Site on 
White Sands Missile Range. 
The results of the TM calibration of October 28. 1984; see text. 
The resulk of TM calibrations at White Sands on five dates over the 
period July 1985 to November 1985. 
The averages of the results in Figure 8 compared with the average IC 
values and the preflight calibration. 
Percentage differences between the radiances at the top of the 
atmosphere and at intermediate altitudes for the White Sands conditions 
of October 28, 1984, see Table 4. 
Percentage differences between the radiances at the top of the 
atmosphere and at intermediate altitudes for p - 0.5 and a visibility of 
1okm. . 
Percentage differences between the radiances at the top of the 
atmosphere and at intermediate altitudes for p - 0.5 and a visibility of 
23 km. 
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SECTION IV 
THEORY, METHODOLOGY AND SENSITIVITY 
MALY SIS  OF CALIBRATION PROCEDURE 
CHAPTER 3 
RADIATIVE TBBNSFEB THROUGH TEE ATMOSPHERE 
In this chap te r  t h e  numeric s o l u t i o n  t o  t h e  t r a n s f e r  of 
v i s i b l e  and near  i n f r a r e d  energy within t h e  atmosphere is discussed. 
Models of t h e  atmosphere are Included. P a r t i c u l a r  emphasis is glven 
t o  Bayleigh and &e theor i e s  of s c a t t e r i n g  as w e l l  a8 absorpt ion due 
t o  a tmospheric  ozone and water. 
The fundamental  theory of r ad ia t ive  t r a n s f e r  vas developed by 
Chandraselchar (1950). He w a s  first t o  formalize t h e  problem of radia- 
t i v e  t r a n s f e r  i n  a solar- i l luminated p lane-para l le l  atmosphere and t o  
p r e s e n t  a s o l u t i o n  i n  t h e  form of a set of nonl inear  equations.  
accounted f o r  po la r i za t ion  by adopting t h e  f o u r  Stokes parameters  t o  
c h a r a c t e r i z e  t h e  f i e l d .  However, even wi th  this framework, t hese  
equat ions  remained unsolved f o r  s e v e r a l  years .  
t o  t h e  f a c t  t h a t  t h e  radiance a t  a given a l t i t u d e  within t h e  atmos- 
phere  and d i r ec t ed  i n  a given d i r ec t ion  is expressed i n  terms of the  
rad iances  incoming from a l l  d i rec t ions ,  a t  t h a t  a l t i t u d e .  In p rac t i ce ,  
t h e  closed-form so lu t ion ,  expressing t h e  f i e l d  i n  terms of known 
boundary va lues ,  cannot be writ ten.  
would be overwhelming. Approximations ( t h a t  is, assuming s ing le  
s c a t t e r i n g )  are o f t e n  made. 
a c r i t e r i o n .  The LOWTRAN 6 code (Kneizys e t  al.,  1983), developed by 
t h e  Air Force Geophysics Laboratory, is one such approximate code. 
He 
This can be a t t r i b u t e d  
The number of equat ions involved 
This is accep tab le  i f  high accuracy is  not  
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The so f tware  required t o  s o l v e  t h e  Chandrasekhar equations 
w a s  developed, using t h e  Cause-Seldel i t e r a t i v e  techaique, . by & m a n  
[Herman (1963). Hcrnan and Browrring (1965), krman, Browrring, and 
Curran (1971)). In his method an initial guess I s  made of t he  f i e l d  
p re sen t  after propagation through one atmospheric layer .  A ro lu t lon  
for successive l a y e r s  is made using q u a n t i t i e s  t h a t  have been calcu- 
l a t e d  in t h e  previous layer .  A t  t h e  ground a r e f l e c t a n c e  model, usu- 
ally Lambertlan, I s  used t o  compute t h e  upwelling radiance. Radiances 
are then  t r aced  moving back up t o  t h e  t o p  of t h e  atmosphere. Once 
t h e  radiances a t  a l l  atmospheric l e v e l s ' h a v e  been solved,  t h e  process  
I s  repea ted  using updated values  of t h e  assumed radiances.  All 
unknowns are changed from t h e i r  p rev ious ly  ca l cu la t ed  va lues ,  as the  
va lues  of t h e  ini t ia l  unknowns a r e  changed. Af te r  s e v e r a l  I t e r a t i o n s  
t h e  unlrnowns converge t o  a unique so lu t ion .  This so lu t ion  I s  exact  In  
t h e  sense  t h a t  a l l  o rde r s  of mult ip le  s c a t t e r i n g  a r e  accounted f o r .  
Computational accuracy is thought t o  be l imi t ed  only by t h e  atmos- 
pher ic  models and Input parameters required t o  run the  code. 
We use this rad ia t ive  t r a n s f e r  program In t he  abso lu te  radi- 
ometr ic  ca l lb ra t ion  of Landsat's Thematic Mapper. In t h e  fol lowing,  
It I s  r e f e r r e d  t o  as t h e  Herman code. 
The Esuatlon of Transfer  
The a t t enua t ion  of rad ia t ion  through some d is tance  ds can be 
descr ibed by the  equation 
Here bTA I s  t h e  t o t a l  mass ext inc t ion  coe f f i c i en t  ( in  u n i t s  of a r e a  
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per mass, such a8 cm'g"), P is t h e  dens i ty  of t h e  medium 
(maselvolume, o r  g cm.'), and L Fe t h e  radiance (W cmo'eroavmo') at  
point  8 within t h e  medium. The dirtance d s  is a pos i t ive  quant i ty ,  
i r r e s p e c t i v e  of coordinate  mystam. Owing t o  this a t t enua t ion ,  and 
owing t o  s c a t t e r i n g  i n t o  t h e  b e a m ,  radiance va r i e s  with d is tance  s. 
Extinct ion and dens i ty  may a l s o  vary s p a t i a l l y .  In addi t ion,  t h e  
radiance and mass ex t inc t ion  coef f ic ien t  vary  with wavelength. It is 
common t o  i den t i fy  s p e c t r a l  concentrat ions with a subsc r ip t  X (such 
as LA) and spectral func t ions  as (1). 
omit ted,  bu t  t h e  s p e c t r a l  nature  is st i l l  implied. 
To s impl i fy ,  t hese  nota t ions  are 
The mass ext inc t ion  coef f ic ien t  is composed of a s c a t t e r i n g  
term, ks, and an absorpt ion t e n ,  ka. Thus, 
A r e l a t e d  parameter is the  volume ex t inc t ion  coe f f i c i en t ,  B T  = IY kT, 
which has  u n i t s  of inverse  length. 
t h e  va r i a t ion  of ex t inc t ion  within t h e  atmosphere i n  terms of - t h e  
p a r t i c l e  o r  molecular densi ty .  Thus, t h e  r ad ia t ive  t r a n s f e r  equations 
most o f t e n  use the mass ext inct ion coe f f i c i en t  r a t h e r  than t h e  volume 
ex t inc t ion  coef f ic ien t .  The former  is u s u a l l y  assumed cons tan t  
throughout t he  atmosphere. It w i l l  vary s p a t i a l l y  with a l t i t u d e  only 
if  e f f e c t s  such as pressure  broadening, va r i a t ions  of ae roso l  r e f r a c -  
t i v e  index, o r  va r i a t ions  i n  aerosol  r a d i a l  s i te  d i s t r ibu t ion  occur. 
Conversely, t h e  parameter  BT varies  d rama t i ca l ly  with. a l t i t u d e  owing 
t o  i ts  propor t iona l i ty  t o  density.  
Usuaily one p r e f e r s  to descr ibe 
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To descr ibe  t h e  d i s t r ibu t ion  of radiance,  normallzed t o  t h e  
incomlng I r rad iance ,  t h a t  is s c a t t e r e d  from a beam, t h e  phase funct ion 
P(8) i a  introduced. Bere 8 la t h e  ang le  between t h e  inc ident  and 
s c a t t e r e d  beams. Equivalently,  P( e, +;ef , +f) descr ibes  that radiance 
s c a t t e r e d  from a d i f f e r e n t i a l  r o l i d  ang le  dw centered  about (e ,+)  i n t o  
a d i f f e r e n t i a l  soUd  angle  dw' about ( e f , 4 ' ) .  In this -chapter ,  t h e  
f i r s t  ang le s  within parentheses  are those  of the  inc ident  b e a m ;  t h e  
angles t h a t  f o l l o w  t h e  semicolon are those  of t h e  s c a t t e r e d  beam. 
When P(8) i a  used within an Integrand, t h e  i n t e g r a t i o n  is with r e spec t  
t o  t h e  primed angles.  For example, by i n t e g r a t i n g  t h e  phase funct ion 
over  a l l  outgoing angles  dw', t h e  t o t a l  energy l o s t  from a beam 
through s c a t t e r i n g  can be computed. This is given by 
L(e,+)  is not a funct ion of the s c a t t e r e d  angles ,  and may be placed 
ou t s ide  t h e  i n t e g r a l .  Using the above e q u a u t y ,  t h e  i d e n t i t y  
is made. The ratio ks/kT is known as t h e  s ing le  s c a t t e r i n g  albedo. 
It I s  t h a t  f r a c t i o n  of t h e  t o t a l  a t t e n u a t i o n  due t o  s c a t t e r i n g  f o r  a 
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s i n g l e  colUsion, and is equal  to  t h e  i n t e g r a l  of t h e  phase func t ion  
o v e r  t h e  scattered angles. A c o n s e m a t h e  r c a t t e r l n g  atmosphere is 
one in which t h e  s i n g l e  rcatter a lbedo  is unity. 
The energy ba lance  equation, which eurnmaritee t h e  sources  and 
rinks a c t i n g  on a beam, can be w r i t t e n  
The f i r s t  term is t h e  energy s c a t t e r e d  i n t o  dw due t o  incoming f i e l d s  
f rom a l l  d i r ec t ions  dw', where do '  = s i n e '  de '  d+ ' .  Note how this 
i n t e g r a l  over  t h e  phase function differs from before. The energy i n t o  
L(8,4) from a l l  incoming L ( e ' , o ' )  is computed he re ,  as opposed t o  the  
energy  ou t  of L(8 ,+) ,  as i n  Eq. (3.3). The second term accounts f o r  
s i n g l e  s c a t t e r i n g  ou t  of t h e  solar beam. The inc ident  s o l a r  beam has 
an i r r a d i a n c e  E a t  d i s t ance  s and propagates  along ( 8 . , + d  where e o  > 
go", e o  = ez+90", and 8, is the solar zeni th  angle. The t h i r d  term 
accoun t s  f o r  emission within t h e  atmosphere. The s p e c t r a l  parameter 
el (here  denoted on ly  as e )  is t h e  emi t t ed  s p e c t r a l  rad ian t  f l u x  prop- 
aga t ing  i n  an i n f i n i t e s i m a l  cone containing t h a t  d i r ec t ion  of propaga- 
t i o n ,  divided by t h e  s o l i d  angle of t h e  cone, and normalized w i t h  
r e s p e c t  t o  t h e  dens i ty  of t h e  medium. The f i n a l  term is t h e  energy 
l o s t  due t o  s c a t t e r i n g  and absorption processes.  
-
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The sources  can be r ead i ly  grouped t o g e t h e r  by introducing t h e  
s o u r c e  f u n c t i o n  
This is t h e  radiance added t o  t h e  inc iden t  beam p e r  un i t  kT p de. 
Throughout t h e  v i s i b l e  and near i n f r a r e d  regions of  t h e  spectrum, 
emission Is considered t o  be negligible.  For ou r  app l i ca t ion ,  there-  
f o r e ,  t h e  sou rce  func t ion  w i l l  have con t r ibu t ions  on ly  from scatter- 
ing. After dividing both sides by ( - k ~  p d s )  and introducing t h e  
sou rce  func t ion ,  Eq. (3.5) becomes 
The de r iva t ive  w i t h  respect t o  s is  now expanded i n  terms of 
d e r i v a t i v e s  with r e s p e c t  t o  the x, y ,  and z axes. Here a Cartesian 
coord ina te  system is defined such t h a t  t h e  z axis is  d i r ec t ed  upward 
and t h e  x a d s  is d i rec t ed  such t h a t  t h e  sun f a l l s  within t h e  x-z 
plane. In addi t ion ,  the zenith angle  8 is defined w i t h  r e spec t  t o  an 
outward normal d i r e c t e d  along t h e  z axis. A beam propagating along 
8 = 0" is propagating out toward space ;  a beam d i r ec t ed  i n t o  t h e  sun 
w i l l  have an azimuth angle of 4 = OO. This coord ina te  system is 
depic ted  i n  Fig. 3.1. 
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Figure 3.1 Coordinate sys tem used t o  repre-  
sent  b e a m  dlr e c t i o n a l i  t y . 
Two assumptions a r e  placed on t h e  atmosphere t o  be modeled. 
The atmosphere is assumed t o  be ( a )  i n  s t eady  state (no var i a t ions  
wi th  t ime) and (b) hor i zon ta l ly  homogeneous, which impl ies  a f l a t  
e a r t h .  (As t h e  fo l lowing  equations use  t h e  s t e a d y - s t a t e  assumption, 
t h e y  cannot be used t o  describe t h e  propagation of a pulsed l l d a r  
beam. &re significant changes occur  within t h e  atmosphere as the  
beam t r a v e l s . )  These assumptions imply t h a t  t h e r e  wil l  be no varia- 
t i o n s  in t h e  f i e l d  o r  source  func t ion  a long  a ho r i zon ta l  plane,  and 
t h e r e  will be no var i a t ions  with time. Thus i f  t h e  genera l ized  
f u n c t i o n  f he re  r e p r e s e n t s  e i t h e r  L o r  J, t h e  de r iva t ives  d f ldx ,  d f l d y ,  
and d f / d t  w i l l  be ze ro  and d f /ds  = (df /dz) (dz /ds)  = (d f /dz )  cose. 
A few de f in i t i ons  may be conveniently introduced here.  F i r s t ,  
l e t  v lcos0l. With t h e  sun a t  a s o l a r  zen i th  angle  of B Z ,  rays 
propagat ing  downward from the sun  are a s soc ia t ed  w i t h  -Y, = 
(cos(@z+90°)(.  
a s s o d a t e d  w i t h  downward propagating beams and y will be assoc ia ted  
While ~t i t s e l f  is always pos i t i ve ,  t h e  angle  -y will be 
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wi th  upward d i r e c t e d  beams. Second, le t  t h e  o p t i c a l  depth a t  any 
height  z within the atmosphere be defined as 
The o p t i c a l  depth  between two a l t i t u d e s  is given as 
(3.9) 
As T is a pos i t i ve  quan t i ty  tha t  monotonically decreases  with increas-  
i n g  a l t i t u d e  z ,  t h e  in t eg ra t ion  within Eq. (3.9) w i l l  always be set  up 
such  t h a t  z Z  > zl, and hence A T ( Z ~ , Z J  w i l l  be posit ive.  If z is a t  
ground e l e v a t i o n  and k - kT, then  t h e  o p t i c a l  depth defined by 
Eq.  (3.8) is equa l  t o  t e x t .  This is t h e  ex t inc t ion  o p t i c a l  th ickness ,  
o r  t o t a l  o p t i c a l  depth of t h e  atmosphere. 
The a t t e n u a t i o n  of radiance can .now be w r i t t e n  i n  terms of 
o p t i c a l  depth 
Here t h e  s u b s t i t u t i o n s  ds 1 dz/cose and dT = -kT p dz (T decreases  
wi th  increas ing  z) have been made within Eq. (3.1). Note t h a t  ds = 
dz /cose  is again a pos i t ive  quantity.  For downward d i r ec t ed  beams 
both  dz and cose a r e  negative; f o r  upward d i r ec t ed  beams both a r e  
pos i t ive .  This is necessary  t o  a s s u r e  t h a t  dL, as given by Eq. (3.101, 
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is always negative. (The beam is a t t e n u a t e d  by this term.) Two 
s e p a r a t e  equations are, however, requi red  t o  express  de ae a func t ion  
of IJ , as I,I in itself carries no rrlgn. For downward d i r e c t e d  beams, 
de = 4 z h  , w h i l e  f o r  upward d i r ec t ed  beams d s  = d z h  
The energy balance equation, E q .  (3.7), may likewise be 
r e w r i t t e n :  
Downward propagation 
* dL(T ,* ,+ )/dT - L(T ,IJ ,+) - J(T ,+i ,+) (3.1 la) 
Upward propagation 
IJ U,+)/dT * L(T ,U ,$) - J(T ,IJ , 4 )  . (3.1 lb )  
For t h e  t i m e  being it w i l l  be convenient t o  w r i t e  s e p a r a t e  equations 
f o r  downward and upward d i rec ted  beams. Note t h a t  t h e  radiance and 
s o u r c e  terms are a func t ion  of both a l t i t u d e  z (hence a function of 7 )  
and d i r e c t i o n  (v,+). The parameters within parentheses  serve as a 
reminder of this dependence. The equation is a l i n e a r ,  nonhoaogene- 
ous, f i r s t - o r d e r  d i f f e r e n t i a l  equation, sub jec t  t o  t h e  following 
boundary va lue  conditions:  t he  d i f f u s e  radiance Incident a t  the top  of 
t h e  atmosphere is zero ,  t h e r e  a r e  no con t r ibu t ions  t o  radiance from 
below t h e  e a r t h ' s  s u r f a c e ,  and t h e  exoatmospheric s o l a r  i r rad iance  is 
known. That is, 
L( 0, -u ,$ 1 
LO*e,t,p,0> O (3.12) 
Eo('Yo, 0 0 )  = known 
= o  
The parameter Text is  t h e  t o t a l  o p t i c a l  depth  a t  t h e  e a r t h ' s  sur face .  
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Multiplying both  s ides  of E q .  (3.11a) by txp( r /p)  and both 
e ides  of Eq. (3.11b) by exp(-t/p), w e  ob ta in  
For dornward propagation 
(3.13a) 
For upward propagation 
(3.13b) 
Consider a ray  as it t r a v e r s e s  the  l a y e r  s t r u c t u r e  shown i n  Fig. 3.2. 
The top  of a l a y e r  is denoted by T~ and the  bottom by rn+l. These 
l a y e r s  are a l s o  denoted by Ti ( i n i t i a l )  and T f  ( f i n a l ) ,  where T i  can be 
e i t h e r  tu or depending on t h e  d i r ec t ion  of propagation. In t e r -  
mediate a l t i t u d e s  are ident i f ied  by some 7'. 
T-0 T=O 
Figure 3.2 Layer nomenclature f o r  beams propa- 
gat ing through t h e  atmosphere. 
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The radiance after propagation is determiaed by integrating 
Eq. (3.13) between the h f t l a l  and final t values, Thus, 
Downward 
Upward 
Rdding Eq.  (3.14a) by (-11 exp(t,+,/u)) and Eq. (3.14b) by 
( p  exp(-T,/u)), w e  can rewrite the above as:  
(3.14a) 
(3.14b) 
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These equat ions can be combined if fi and Tf are introduced: 
where 
Eere A T  
d + *  - d(-cose')d+'  has  been w r i t t e n  i n  terms of Y, o r  dw' = d(-p') d0'. 
Each of t h e  above equat ions states t h a t  t h e  radiance a f t e r  passing 
through a l a y e r  can be expressed as t h e  ini t ia l  radiance a t t enua ted  by 
e x p ( - A T / u ) ,  p l u s  a cont r ibu t ion  from t h e  source  funct ion.  
func t ion  adds a cont r ibu t ion  a t  each a l t i t u d e  t' but is a t t enua ted  
owing t o  t h e  AT' between t' and t h e  f i n a l  l a y e r .  
Tn+i-Tn and A T '  = I T ' - T f ( .  The s o l i d  angle  dw' - s i n e '  de '  
The source  
Numeric Solut ion 
To e v a l u a t e  the  above r a d i a t i v e  t r a n s f e r  equation, t h e  i n t e -  
g r a l s  within Eqs. (3.16a) and (3.16b) are replaced with an equiva len t  
sum of i n t e g r a l s  w i t h  smaller d i f f e r e n c e s  between t h e  limits of in-  
t eg ra t ion .  The new Umi t s  are defined such t h a t  t h e  parameters  J, P, 
and L can be approximated as cons tan ts  within the  AT, A8, and A 4  in- 
tervals. They are put ou ts ide  t h e  i n t e g r a l s ,  an eva lua t ion  is made, 
and a s o l u t i o n  is obtained. 
In eva lua t ing  the  integral over o p t i c a l  depth,  Eq. (3.16a), t h e  
r ad ia t ive  t r a n s f e r  through a double l a y e r  (between l a y e r s  T~ and T ~ + ~ )  
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Fe considered. This allows the average value of the source term to  be 
taken as that a t  the mldpoint o f  the internal, namely at  After 
d t '  this constant value ie factored out and J(tn+A,h,+) 
is evaluated, E q .  (3.16a) becomes 
IJ 
where the interval A T  IS s t i l l  defined as that between tn and Tn+l, 
and tf and Ti are separated by a 2At thickness. 
In turn, J(tp+,,fy,4) is evaluated by replacing the integrals 
within E q .  (3.16b) with sums over the finite differences Ay and A + .  
That is, 
0-  
(3.18) 
As an example, l e t  A e  = 10" and A +  = 30". Then, 
j = 1,...,18 (3.19a) 
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(3.19b) 
+'k = kA4 - A9/2 [15", 45', ..., 345'1 
(A4')k = A4 = 30' * v rad/l80'  
Note t h a t  P and L have been taken o u t  of the i n t e g r a l  over  t h e  f i r r i te  
U d t s  A8 and A +  and rep laced  with their va lues  a t  t h e  mldpoints of 
t h e s e  f i n i t e  d i f f e rences  . 
At t h e  beginning of each i t e r a t i o n  through the  atmosphere, t h e  
rad iances  a t  l e v e l  t, a r e  required. This is achieved by considering 
the t r a n s f e r  of rad ia t ion  through only  a s i n g l e  A T  l a y e r ,  
on t h e  f i r s t  pass, a l l  upwe lung  radiances L(0,U1j,4'k), o r  
t h a t  energy being r e f l e c t e d  out of the 'a tmosphere and i n t o  space,  a r e  
assumed zero. On successive passes ,  those va lues  computed in previous 
i t e r a t i o n s  are assumed. At a l l  times t h e  downwelling radiances 
L(O,v'j,+'k), a t  t h e  top  of the atmosphere,  are assumed zero.  
means t h a t  t he  only energy en ter ing  the  atmosphere is from the  s o l a r  
i r r a d i a n c e  Eo. A t  t h e  bottom of t h e  atmosphere the  upwelling radi- 
ances a r e  computed by multiplying the  sum of the  d i f f u s e  and direct 
This 
downwelling i r rad iances  by p / n .  This assumes Lambertlan surf  ace 
c h a r a c t e r i s t i c s .  
Tn choosing a numeric value for t h e  l a y e r  thickness  A T ,  Herman 
( 1963) used a s ta t i s t ica l  ana lys i s  t o  compute the  probabi l i ty  t h a t  
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scattering within a layer vould be due t o  s i n g l e  s c a t t e r i n g  alone. 
The A 7  interval must be small enough t o  n e g l e c t  va r i a t ions  of t h e  
s o u r c e  term, which is equiva len t  t o  requi r ing  t h a t  L and E remain 
approldmately conatan t  over t h e  interval. This is U e l y  i f  a photon 
has a small probab i l i t y  of undergoing more than  one s c a t t e r i n g  event. 
Conversely, At must n o t  be so small as t o  make t h e  computation time 
excessive. A value  of A T  = 0.02 w a s  chosen. Here, approxfmately 9 6 %  
of the s c a t t e r e d  r ad ia t ion  is assoc ia t ed  with a s i n g l e  co l l i s ion .  
Since the effective depth  of t h e  atmosphere is (AT u), a g r e a t e r  per- 
cen tage  of m u l t i p l e  s c a t t e r i n g  occurs  a t  l a r g e r  zenith angles .  As 8 
approaches go", this e r r o r  builds up rap id ly .  
can be made without introducing any se r ious  e r r o r s .  
Calcu la t ions  down t o  85" 
Pola r i za t ion  
Although the  Herman code t h a t  w e  have used does not  account 
f o r  changes in po la r i za t ion  as a ray propagates through t h e  atmos- 
phere ,  i t  can be modified t o  do so. However, p re l iminary  studies 
i n d i c a t e  t h a t  t h e  o r ig ina l  code is a c c u r a t e  enough f o r  our  ca l ib ra t ion  
work, given t h e  atmospheric conditions w e  have encountered a t  White 
Sands t o  da te .  For this reason the  s t u d i e s  within this d i s s e r t a t i o n  
were made using t h e  o r i g i n a l  Herman code, which is both easier and 
f a s t e r  t o  run. For completeness,  t h e  theory  behind t h e  po la r i za t ion  
code is discussed here. 
To be as accura t e  as poss ib l e ,  t h e  r a d i a t i v e  t r a n s f e r  equation 
must descr ibe  t h e  s t a t e  of po la r i za t ion  of a s c a t t e r e d  f i e l d ,  as  this 
f i e l d  g e n e r a l l y  has undergone a change i n  po la r i za t ion  compared t o  
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that of t h e  inc iden t  f i e l d .  To desc r ibe  this state, t h e  'amplitude of 
the electric f i e l d  components a long  two or thogonal  d i r ec t ions  and t h e  
phase  d i f f e r e n c e  between these components are required. 
l e t  At and 4 be t h e  p a r a l l e l  - and perpendicular  - f i e l d  components, 
For example, 
de f ined  with r e s p e c t  t o  a r e fe rence  plane. This reference p lane  is 
chosen as t h a t  containing t h e  inc iden t  and s c a t t e r e d  beams. Then, 
(3.21) 
As an a l t e r n a t i v e  t o  requiring t h a t  t h e  amplitudes a ,  and ar and t h e  
phase d i f f e r e n c e  6 be known, the  s t a t e  of po la r i za t ion  may be repre- 
s e n t e d  by t h e  f o u r  Stokes parameters introduced by Sir George Stokes 
I n  1852. These have t h e  advantage of a l l  having t h e  same dimension, 
t h a t  of a n  i r rad iance .  The four  parameters  are 
(3.22) 
where t h e  a s t e r i s k  denotes tha t  t h e  complex conjugate has been taken. 
The s t a t e  of po lar iza t ion  can be represented  by an e l l i p s e ,  
which In t u r n  is described by t h e  Stokes parameters  (Fig. 3.3). Let x 
be t h e  angle  between the  d i rec t ion  of t h e  major axis and the 1 di rec-  
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t r  
b o COS 8,- 0, )  
t.c------- 20, 
Figure 3.3 Representation of e l l i p t i c a l  
po lar iza t ion ,  
From Liou (1980). 
t ion.  Knowing x is equiva len t  t o  knowing t h e  plane of po la r i za t ion ,  or  
t h a t  p l ane  through t h e  d i rec t ion  of propagation and t h e  ray  containing 
t h e  maximum electric f i e l d  vector. Also, l e t  t h e  e l l i p t i c i t y  be rep- 
r e sen ted  by t h e  angle  6 ,  whose tangent  is t h e  r a t i o  of t he  l eng ths  of 
t h e  major and minor axes. It can be shown, as i n  Chandrasekhar 
(1950), t h a t  
E = E, + E, 
Q E, - E, 
t an2x  = U / Q  
s in26  = V/E 
(3.23) 
Therefore,  t h e  parameters  E and Q de f ine  t h e  i r r a d i a n c e s  i n  two per- 
pendicular d i r e c t i o n s  within a p lane  t r a n s v e r s e  t o  t h e  d i r ec t ion  of 
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propagat ion ,  U determines  the plane of po la r i za t ion ,  and V gives t h e  
e l l i p t i c i t y  of t h e  e lec t romagnet ic  vave. With t h e s e ,  a l l  q u a n t i t i e s  
r e l e v a n t  t o  t h e  desc r ip t ion  of t h e  state of po la r i za t ion  are d e t e r -  
mined. In add i t ion ,  t h e  percentage p o l a r i z a t i o n  ie given as 
p I /Q' + U' + V'/E . (3.24) 
For unpolar ized  U g h t ,  U - V - 0, as t h e  t i m e  average over sin6 and 
C O S 6  are z e r o ,  and E; = E, (hence Q - 0). The po la r i za t ion  P equa l s  
z e r o ,  as expected. One example of unpolarized U g h t  is t h a t  which is 
i n i t i a l l y  f rom t h e  sun  (though l i g h t  does become p a r t i a l l y  polar ized  
a f t e r  s c a t t e r i n g  within t h e  atmosphere). Conversely, f o r  a completely 
po la r i zed  b e a m ,  E' - Q' + U' + V' and P = 1. 
The express ions  
(3.25) 
are nex t  u t i l i z e d  t o  determine t h e  f o u r  Stokes parameters  of t h e  
s c a t t e r e d  f i e l d .  St and S, r e l a t e  t h e  magnitude of t h e  s c a t t e r e d  
f i e l d s  Ag and A, to t h a t  of the inc iden t  f i e l d s  A,% and Aar .  They a r e  
func t ions  of t h e  angle  between t h e  inc iden t  and s c a t t e r e d  d i r ec t ions  
of propagation, and as will be shown la te r ,  d i f f e r  amongst t h e  
Rayleigh and Me p a r t i c l e s .  By s u b s t i t u t i n g  Eq. (3.25) i n t o  Eq. (3.221, 
t h e  f o u r  Stokes parameters are determined: 
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(3.26) 
In much t h e  same way as Eqs. (3.16a,b) r ep resen t  t h e  t r a n s f e r  
of r ad ian t  f l u x  within t h e  atmosphere, they  l ikewise  can, with f e w  
modif icat ions,  r ep resen t  t h e  t r aas f  ormation of t h e  Stokes parameters 
as t h e  beam they r ep resen t  undergoes s c a t t e r i n g  within t h e  atmos- 
phere.  First, from Eq. (3.26) it can be shown t h a t  not a l l  the  s c a t -  
t e r e d  Stokes parameters are independent of each o ther .  To account 
f o r  this, t h e  r ad ia t ive  t r a n s f e r  equation is r e w r i t t e n  in matrix form, 
t h a t  is, 
(3.27a) 
and 
Here p and q a r e  r e l a t e d  t o  one of t he  f o u r  Stokes parameters ,  and 
Ppq is a 4 x 4 matrix. Thus, t h e  p th  component of radiance is d e t e r -  
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mined by summing t h e  source funct ion over t h e  fou r  incoming Stokes 
components, t h a t  &, q = 1, 2, 3, and 4. 
The m a t h  Ppq cannot be w r i t t e n  directly from E q .  (3.26). 
Because t h e  equation of rad ia t ive  t r ane f  e r  tracer components r e l a t i v e  
t o  a v e r t i c a l  plane within the atmosphere, and not  t h e  s c a t t e r i n g  
p l ane ,  a coordinate  t ransformation must be performed. The most 
g e n e r a l  such s c a t t e r i n g  phase  matr ix  has been given by Sekera (1955) .  
It t a k e s  t h e  form 
(3.28) 
The q u a n t i t i e s  Apq a r e  given by 
(3 .29)  
Here u and U' a r e  d i r ec t iona l  cosines of t h e  incident  and s c a t t e r e d  
beams (measured, a s  before ,  from the  l o c a l  v e r t i c a l ) .  The angle A $  is 
defined a s  the  d i f fe rence  between t h e  azimuth angles  of the incident 
and s c a t t e r e d  beams. Furthermore, 
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(3.30) 
and Sfi and S, are t h e  p ropor t iona l i t y  c o n s t a n t s  defined in Eq. (3.25). 
Note t h a t  all t h e  func t ions  within Eqs. (3.28) through (3.30) are 
de f ined  wi th  r e s p e c t  t o  the  angles e,  e ' ,  and A + ,  a l l  ang le s  r e l a t i v e  
t o  a vertical p l ane  w i t &  t h e  atmosphere. 
Rayleigh Sca t te r ing  by Molecules 
Both molecules,  whose radii r a r e  on t h e  o rde r  of 10' pm, and 
a e r o s o l s ,  whose radii range from 0.01 t o  10 pm, a r e  respons ib le  f o r  
s c a t t e r i n g  wlthin t h e  atmosphere. Molecular s c a t t e r i n g  i n  the  v i s ib l e  
and nea r  i r ,  where 2nr << A ,  can be cha rac t e r i zed  by a simple scatter- 
i n g  law due t o  Lord Rayleigh (J. W. S t r u t t ,  t h i r d  Baron of Rayleigh). 
In 1872 h e  derived t h e  s c a t t e r i n g  l a w  t h a t  now bears  his name, using 
t h e  e l a s t i c - s o l i d  e t h e r  theory. He predic ted  t h a t  s c a t t e r i n g  va r i e s  
i n v e r s e l y  as t h e  f o u r t h  power of t h e  wavelength, and so explained t h e  
b l u e  c o l o r  of t h e  sky. In 1899 Rayleigh rev ised  his der iva t ion  t o  use 
t h e  e l ec t romagne t i c  t heo r i e s  of Maxwell and Hertz. Thus, t h e  depend- 
ence of s c a t t e r i n g  on r e f r a c t i v e  index was determined. The s c a t t e r i n g  
l a w  has  s ince  undergone one s l i g h t  revision t o  account f o r  molecular 
an iso t ropy .  This was done i n  the  1920s, s h o r t l y  a f t e r  some s c a t t e r i n g  
experiments made by Rayleigh's son demonstrated t h e  need f o r  this 
modification. A complete development of t h e  Rayleigh s c a t t e r i n g  law 
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is given in texts  such as McCartney (1976). 
ment are given here. 
Eighllghts of its develop- 
Dipole Sca t t e r ing  
The mechanical o s c i l l a t o r  model of the atom is used t o  s tudy  
A binding f o r c e  t h e  i n t e r a c t i o n  of a molecule with an inc ident  f i e ld .  
is charac te r ized  by a spr ing  tha t  induces a Linear r e s to r ing  force t o  
t h e  e l e c t r o n  as i t- is  displaced. Such a displacement occurs  when a 
molecule I s  subjec t  t o  an applied electric f i e l d ,  A,. An induced 
d ipo le  moment p = ex is crea ted ,  where e I s  t he  charge on an e l e c t r o n  
and x is the  displacement. This electric d ipole  o s c i l l a t e s  synchro- 
-,ezsly with t h e  f i e l d ,  and i n  turn produces the  s c a t t e r e d  wave. The 
new f i e l d  is propor t iona l  to (1) t h e  a c c e l e r a t i o n  of t h e  e lec t ron  and 
t o  (2) sine, where e is the  angle between the  dipole moment and direc-  
tion of observat ion,  and it is Inve r se ly  proport ional  t o  R, the  
d i s t ance  from the  dipole.  It has an amplitude 
(3 .31 )  
Because of t h e  s ine  dependence, t h e  dipole  cannot r ad ia t e  along t h e  
axis of the  dipole.  The maxlmum dipole  moment p o  is found by solving 
t h e  equation of motion f o r  the maximum e l e c t r o n  displacement: 
(3 .32 )  
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where Here, w, is t h e  resonant  frequency of o s c i l l a t i o n ,  equal  t o  
k is t h e  r e s t o r i n g  f o r c e  on the e l ec t ron .  
The latter e q u a l i t y  within E q .  (3.32) u t i l i z e s  t h e  b r e n z -  
Lorentz  express ion  t o  s u b s t i t u t e  f o r  t h e  molecular parameters.  Now 
n, the r e f r a c t i v e  index of t h e  gas Fn bulk form, and N, t h e  number of 
d i p o l e  o s c i l l a t o r s  per  un i t  volume, are used. The r e f r a c t i v e  index of 
air molecules considered he re  is found t o  be near ly  1 and real, and t o  
vary as a func t ion  of wavelength. This wavelength dependence is given 
by Edlen (19S3) as 
. (3.33) 2,949,810 + 25,540 
146 - 41 - A-' (n-1) x 10' = 6432.8 + 
For example, n = 1.000293 a t  a = 0.55 urn. 
Edlen expressions a r e  derived in  many discussions on the  dispers ion of 
e l ec t romagne t i c  waves, as in Uou (1980). 
Both the  Lorenz-Lorentz and 
The Rayleigh expressions assume t h a t  scatterers have resonant  
Thus 
Such an assumption is 
f requencies  f a r  above t h e  v is ib le  and i n f r a r e d  s p e c t r a l  regions.  
t h e y  are pure scatterers and absorb no energy. 
v a l i d  f o r  n i t rogen  and oxygen molecules ,  which are respons ib le  f o r  
9 9 %  of molecular  s c a t t e r i n g .  Ozone and water vapor molecules have 
a n  imaginary component t o  the i r  r e f r a c t i v e  index a t  t hose  wavelengths 
of i n t e r e s t  ( t h a t  I s ,  they have resonant  f requencies  near  those  f r e -  
quencies corresponding t o  v is ib le  l i g h t ) .  The e f f e c t s  of s c a t t e r i n g  
from these  spec ies  can be overlooked without loss of accuracy,  a s  
t hey  compose such a sma l l  f r ac t ion  of t h e  atmospheric gases .  (The 
53 
columnar amount of ozone is typ ica l ly  on t h e  o rde r  of 0.35 atm-cm. 
This impl ies  that t h e r e  w i l l  be only 0.3s c m  of ozone within a 1 cm' 
atmospheric  column of air, in which t h e r e  are s e v e r a l  l t i lometers of 
a tmospheric  s c a t t e r e r s . )  
The irradiance produced a t  a distant point B from the  dipole  
I s  given by t h e  Poynting vector  E, 
B - c t o ( A 3 .  
und by s u b s t i t u t i n g  a f a c  The mean of A' i f 
(3.34) 
o r  of 1/2 f o r  
sln'w(t-R/c), and using Eqs. (3.31) and (3.32) f o r  t he  e l e c t r i c  f i e l d  
s t r e n g t h .  To remove the  dependence of s c a t t e r i n g  on d is tance  R, t he  
i n t e n s i t y  I (W/sr) is ins tead  computed. The i n t e n s i t y  a t  dis tance R is  
found by mult iplying the  i r rad iance  E by R' (s ince I - dO/dw - d@/dA * 
dA/dw, and dA - R' dw). Hence, 
T' E O  c s i n %  (n'-1)' Ao' 
2 N' A' I ( e >  = . (3.35) 
In addi t ion t o  the  previous equations,  t he  s u b s t i t u t i o n s  w = 2nc/X and 
(n'+2)' = 9 (since n = 1) have been made i n  wr i t ing  Eq. (3.35). 
Cross Section 
The s c a t t e r i n g  c ros s  sec t ion  of a gas molecule is defined a s  
t h a t  c ros s  sec t ion  of an incident wave, ac t ed  on by the  molecule, 
having an a rea  such t h a t  the  i r rad iance  flowing ac ross  i t  is equal t o  
t h e  f l u x  s c a t t e r e d  i n  a l l  d i rec t ions .  ?nus, 
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(3.36) 
Using E q .  (3.35). dw' = 2 r  sine' de ' ,  and sin'e' de '  = 413. t h e  c ros s  1: 
s e c t i o n  is obtained. To t h i s  t h e  c o r r e c t i o n  f a c t o r  (6 + 36)/(6 - 76) 
must be added. This is done t o  account  f o r  molecular anisotropy,  
which p reven t s  t h e  dipole  moment from aligning i t s e l f  e x a c t l y  with 
t h e  electric v e c t o r  of the  primary wave. Thus, 
8w'(n2-1)' 6 + 36 
3 N' A '  6 - 76  URay = (3.37) 
Gucker and Basu (1953) have determined t h a t  6 = 0.035. 
Rayleigh Optical  Depth 
The volume s c a t t e r i n g  c o e f f i c i e n t  f o r  molecules,  Bhy, gives 
t h e  f r a c t i o n a l  amount of f l u x  s c a t t e r e d  i n  a l l  d i r ec t ions  f o r  a uni t  
volume of gas. Because t h e  s c a t t e r e d  f i e l d  from a c o l l e c t i o n  of 
d ipo le s  adds incoherent ly ,  t he  c o e f f i c i e n t  f o r  a uni t  volume is j u s t  N 
(molecules/volume) times t h e  c ros s  s e c t i o n  given by Eq. (3.37), o r  
6 h y  = o b y  N. 
k b y  = u h y  N / P  = u b y / m ,  or c ross  sec t ion  per  un i t  mass. 
t h e  mass of t h e  molecule and P is t h e  mass density.)  Using the  def i -  
n i t i o n  of o p t i c a l  depth,  Eq. (3.81, t h e  Rayleigh component of op t i ca l  
depth  is determined by 
(Also, t h e  mass ex t inc t ion  coe f f i c i en t  is found t o  be 
Here m is 
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(3.38) 
Model va lues  of t h e  molecular number dens i ty  as a func t ion  of 
a l t i t u d e  can be found in  t h e  U.S. Standard Atmosphere of 1962 (USSA, 
1962; Valley,  1965; Elterman, 1968), and Table 4.4 (page 84) of this 
manuscript  . 
The t abu la t ed  va lues  of mass dens i ty  p ,  o r  number dens i ty  N, 
refer t o  air a t  sea-level temperature  and pressure.  It is des i r ab le  
t o  compute the  s c a t t e r i n g  coe f f i c i en t s  a t  nonstandard va lues  of tem- 
p e r a t u r e ,  p ressure ,  and a l t i tude .  This is done using the  equation of 
s t a t e  f o r  an i d e a l  gas (P = pRT, P being atmospheric pressure ,  R t h e  
u n i v e r s a l  gas  cons tan t ,  and T the  tempera ture  on the  Kelvin sca l e ) .  
Thus, 
where p, ,  Po, and To  a r e  defined a t  s tandard  atmosphere conditions.  
In using the  Herman code t o  model t h e  atmosphere, l h y  is 
determined using s u r f  ace measured atmospheric  pressure.  A t  ground 
level,  
(3.40) 
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v h e r e  
n -  
A -  
% =  
refractive ladex as given by E q .  (3.33) 
wavelength In l,m 
molecular  number dens i ty  a t  rea l e v e l  f o r  a a tandard  
2.547 x 10" coo' 
columnar number dens i ty  * 2.154 x 10" cmo2 
0.035 
1013.2s mbar, o r  29.92 in .  Hg 
measured atmospheric p r e s s u r e  i n  same un i t s  as Po. 
a t  moepherc 
Using this formalism at  A - 0.55 urn, f o r  example, fhy = 0.098 a t  
s t a n d a r d  a tmospher ic  pressure .  
Phase Function 
The angular dependence on s c a t t e r i n g  is expressed in  terms of 
t h e  phase func t ion  P(0).  Since t h e r e  is no absorption by Rayleigh 
molecules, t h e  integral of the phase func t ion  must be normalized t o  
u n i t y  and 
(3.41) 
To der ive  t h e  phase function f o r  t h e  s c a t t e r i n g  of unpolarized 
l i g h t  by Rayleigh particles, t h e  i nc iden t  electric f i e l d  vec to r  is de- 
composed i n t o  two or thogonal  components. 
r e p r e s e n t  those s c a t t e r e d  components p a r a l l e l  - and perpendicular - t o  a 
r e f e r e n c e  p lane ,  and l e t  E,, and Eer be t h e  corresponding incident 
components. The re fe rence  plane is  taken  as t h a t  containing t h e  
inc iden t  and s c a t t e r e d  waves, and t h e  s c a t t e r e d  wave devia tes  from 
As befo re ,  let  E t  and E, 
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t h e  incident wave by an ang le  e. For each of t h e s e  two components 
(1 = L o r  r), t h e  s c a t t e r e d  radiance is found using 
(3.42) 
To der ive  this expression, note t h a t  I(e) I s  t h e  i n t e n s i t y  s c a t t e r e d  
f rom a s i n g l e  molecule, and I(8)N ds  is t h e  radiance s c a t t e r e d  from a 
volume of gas. After accounting for aniso t ropy ,  t he  i n t e n s i t y  I s  
expressed  i n  terms of o b y  by using Eqs. (3.35) and (3.37) and express- 
ing t h e  inc ident  i r r a d i a n c e  co,Ad2/2 as Ed. 
The ang les  8~ and 8r can r e a d i l y  be expressed i n  terms of t he  
s c a t t e r i n g  angle ,  0 .  With re ference  t o  Fig. 3.4, i t  is shown t h a t  
8~ = r I2 -0 ,  and et - n/2. Hence, t h e  t o t a l  s c a t t e r e d  radiance is 
J Ef
Figure 3.4 Mpole  s c a t t e r i n g .  
given as 
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But, siace t h e  incoming f i e l d  is unpolarized, E, - E,, = E,/2. 
Equation ( 3 . 4 3 )  becomes 
Removing t h e  angu la r  dependence and mult ip ly ing  by a sca l lng  f a c t o r  t o  
s a t i s f y  E q .  ( 3 . 4 1 ) ,  t h e  phase func t ion  f o r  Raylelgh s c a t t e r i n g  of unpo- 
l a r i z e d  l i g h t  is found t o  be 
This expression I s  t h e  Raylelgh component of t h e  phase func t ion  used 
vithin Eq. ( 3 . 1 6 ) .  It I s  t h u s  an Important parameter I n  t h e  ca l cu la -  
t i o n s  of t h e  t r a n s f e r  of radiace within t h e  atmosphere. 
Because t h e  perpendicular and paral le l  components a r e  not 
s c a t t e r e d  equa l ly ,  t h e  r e su l t i ng  radiance wi l l  be p a r t i a l l y  polarized. 
Although t h e  s c a t t e r e d  perpendicular component is independent of the  
angle  e, t h e  p a r a l l e l  component f o l l o w s  a cos2e dependence. Thus, i f  
t h e  observation d i r e c t i o n  I s  at 90" t o  t h e  incoming beam, t h e  scat- 
t e r e d  l i g h t  w i l l  be completely polar ized .  The s c a t t e r e d  energy is 
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symmetric about t he  inc ident  beam, and equal  amounts of energy are 
sent into t h e  forward  and backward hemispheres. 
s i n g l e  scattering within t h e  atmosphere, amd t h e  atmosphere were 
composed pu re ly  of Boyldgh p a r t i c l e s ,  t he  ekyl ight  everywhere at  a 
90' angle from t h e  ear th-sun  Une would be completely polar ized.  
p e r f e c t l y  polar ized  l i g h t  is never observed in prac t i ce  because of 
m u l t i p l e  s c a t t e r i n g  vi thin t h e  atmosphere,  s c a t t e r i n g  from a e r o s o l s ,  
l i g h t  r e f l e c t e d  from t h e  sur face ,  and an iso t ropy  of air molecules. 
If t h e r e  were only 
This 
If these  po la r i za t ion  changes a r e  t o  be t r aced  through the  
atmosphere,  t h e  m a t r i x  form of t h e  phase func t ion  
Rayleigh s c a t t e r i n g ,  this becomes 
pPq 
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( 3 . 4 6 )  
Me S c a t t e r i n g  
To descr ibe  s c a t t e r i n g  by p a r t i c l e s  of a r b i t r a r y  s i z e ,  the  
equat ions developed by Mie (1908) a r e  un ive r sa l ly  used. 
this theory ,  Mie had t o  make the  s implifying assumption t h a t  the  
s c a t t e r i n g  p a r t i c l e s  were i so t rop ic  spheres .  Even so,  t he  der iva t ion  
is complex; i t  uses  Maxwell's equa t ions ,  a boundary value a n a l y s i s ,  
In developing 
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and an expansion of t h e  emerging wave in terms of a series of Bessel 
and Legendre polpaomlals. For small p a r t i c l e s  t h e  equatfons can be 
appro ldna ted  by t h e  first term of t h e  Hie series. For this case, 
however, Boyleigh theo ry  yields an equ iva len t  result wlth signif- 
i c a n t l y  fewer computations. Thus, t h e  term "Me s c a t t e r i n g "  is 
l o o s e l y  used t o  refer  t o  t h e  s c a t t e r i n g  b y , l a r g e r  p a r t i c l e s  t h a r  do 
n o t  l ie  within t h e  Rayleigh regime. 
A complete development of Hie theory  is given by S t r a t t o n  
(1941) and van de  Huls t  (1957). The s c a t t e r e d  l i g h t  is found by 
breaking t h e  inc iden t  beam in to  components perpendicular  and para l le l  
t o  t h e  s c a t t e r i n g  plane. The scattered i n t e n s i t i e s  b(0) and Lt(0) are 
p ropor t iona l  t o  t h e  func t ions  
2 
(3.47a) 
. (3.47b) 
Each func t ion  is found as t h e  sum of an I n f i n i t e  series. Defining the  
s i z e  parameter as a = 2nr / a ,  where r is  t h e  t h e  rad ius  of t h e  
p a r t i c l e ,  i t  is found t h a t  the number of te rms  requi red  for conver- 
gence is somewhat g r e a t e r  than a f o r  a > 1. The amplitudes of t h e  
n t h  e l e c t r i c  p a r t i a l  wave and t h e  n t h  magnetic wave a r e  given by t he  
complex c o e f f i c i e n t s  an and b,. These a r e  
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(3.48a) 
With air as t h e  inc iden t  medium, t h e  parameter  m = nre( l  - nimi) is 
r e l a t e d  t o  both t h e  real and imaginary components of t h e  r e f r a c t i v e  
index within t h e  sphere.  Spherical  Bessel and Hankel func t ions  are 
denoted by jn and h a  r e spec t ive ly ,  and primes denote der iva t ives  w i t h  
r e s p e c t  t o  t h e  ind ica t ed  arguments. Thus t h e  c o e f f i c i e n t s  an and bn 
are determined from t h e  p a r t i c l e  c h a r a c t e r i s t i c s ,  but a r e  independent 
of the  s c a t t e r i n g  a n g l e  8. This l a t t e r  dependence is expressed 
through t h e  func t ions  r n  and Tn and involve t h e  f i r s t  and second de- 
r i v a t i v e s  of Legendre polynomials: 
(3.49a) 
When t h e  p a r t i c l e  is i l lumina ted  by plane-polarized l i g h t ,  t h e  
i n t e n s i t y  of the s c a t t e r e d  l i g h t  is given by 
I(e) - E, p x '  (ir sin'$ + i, cos2+) (3.50) 
Here E, is the  i r r ad iance  of t h e  incoming beam, $ is t h e  angle of t h e  
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electric v e c t o r  from t h e  s c a t t e r i n g  p lane ,  and i r  and i L  are as 
def ined  in Eq. (3.47). For a p a r t i c l e  i l l umina ted  with a wave whose 
electric vector is perpendicular t o  t h e  p lane  of observation, J, = 90' 
and t h e  s c a t t e r e d  beam IS polarized in t h e  perpendicular  d i rec t ion .  
Conversely,  an inc ident  beam described by 1, = 0 is polar ized  parallel 
t o  t h e  s c a t t e r e d  p lane ,  as is the  s c a t t e r e d  beam. For i l l umina t ion  by 
a n  unpolar ized  beam, t h e  s c a t t e r e d  i n t e n s i t y  is glven by 
(3.51) 
where E, = E,, = EJ2. 
The angular  d i s t r ibu t ion  of t h e  s c a t t e r e d  f i e l d  is depicted i n  
Fig. 3.5. Here t h e  s o l i d  Unes r e f e r  t o  s c a t t e r i n g  from a perpendicu- 
l a r  component of t he  electric vec to r ,  and t h e  dashed l i n e s  r ep resen t  
s c a t t e r i n g  from a p a r a l l e l  component. For a < 0.1 t h e  d i s t r i b u t i o n  is 
i d e n t i c a l  t o  t h a t  predicted from Rayleigh theory. There is a cos% 
dependence i n  the  s c a t t e r e d  p a r a l l e l  component but no angular  varia- 
t i o n  in t h e  perpendicular component. As u i n c r e a s e s  (or p a r t i c l e  s i z e  
i n c r e a s e s  f o r  a given wavelength), a l a r g e r  po r t ion  of the  energy i s  
S c a t t e r e d  i n t o  t h e  forward direction. If t h e  par t ic le  s i z e  approaches 
t h e  wavelength of l i g h t ,  sidelobes begin t o  appear. The frequency of 
this s t r u c t u r e  increases  with a, and t h e  width dec reases .  
The c ross  s e c t i o n  of a Mie s c a t t e r e r  can now be defined. 
Unlike s c a t t e r i n g  from a Rayleigh p a r t i c l e ,  some energy i s  lost owing 
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Figure 3.5 Mie scattering from part i c l e s  of f ixed s i z e .  
Normalized phase functions for spherical  par t i c l e s  with complex re- 
fract ive  index n = 1.5 - 0.0005i and Mie s i z e  parameters (a) a = 0.1, 
(b) a - 1,  (c )  a = 10, and (d)  a - 100. Solid l ines  are values for 
components perpendicular t o  the scat ter ing  plane; dashed l ines  are the 
para l l e l  components of incident l i g h t .  From Grams and Rosen (1978) .  
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t o  absorp t ion  as a b e a m  impinges upon a me scatterer. The cross 
s e c t i o n  o w e  must inc lude  the e f f e c t s  of this loss. Defining usc  as 
t h e  component t h a t  accounts  f o r  t h e  energy s c a t t e r e d  i n t o  ell direc- 
t i o m ,  and Uabs as t h e  component that accounts f o r  absorp t ion ,  ve have 
QMie Qsc + Qabs (3.52) 
Using 4. (3.51) and assuming unpolarized i l lumlna t ion ,  is computed 
from 
(3.53) 
n= 1 
The t o t a l  c r o s s  sec t ion  can Likewise be expressed in terms of t h e  Mie 
c o e f f i c i e n t s ,  
(3.54) 
P' 1 
In t h e  above, t h e  expansions i n  terms of an and bn do not  e a s i l y  
fo l low.  (Refer t o  van de Hulst (1957, s e c t i o n  9.32) f o r  more d e t a i l s . )  
To s impl i fy ,  t h e  above c r o s s  sec t ions  were defined f o r  a 
p a r t i c l e  of f ixed radius r. In r e a l i t y ,  absorption and s c a t t e r i n g  
within t h e  atmosphere depend on t h e  cumulative e f f e c t s  of many p a r t i -  
cles within a l a r g e  s i z e  range. This d i s t r i b u t i o n  is expressed i n  
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It is t h e  normalized number of par- terms of a size d i s t r i b u t i o n  n(r). 
ticles p e r  uni t  interval of radius p e r  uni t  volume, hence 
(3.55) 
To determine t h e  p rope r t i e s  of l i g h t  s c a t t e r e d  from a polydispersion 
(collection of p a r t i c l e s  of different  radii), t h e  func t ions  1, and it 
vithin Eq. (3.53) are In tegra ted  over  the size d is t r ibu t ion .  
t e r e d  energy from such a d i s t r ibu t ion  of p a r t i c l e s  I s  very d i f f e r e n t  
f rom t h a t  depicted above. The most obvious d i f f e rence  is t h a t  t he  
s c a t t e r e d  d i s t r i b u t i o n  is a much smoother func t ion  of wavelength. A 
few examples of this are shown i n  Fig. 3.6. To compute these  c u m e s ,  
a log normal p a r t i c l e  d i s t r ibu t ion  was assumed. 
1 urn, s tandard  devia t ion  a =  2 um, wavelength = 0.633 urn, and real 
The scat- 
A mean radius of rg = 
r e f r a c t i v e  Index n r e  = 1.525 were assumed. 
r e s u l t s  f o r  a p a r a l l e l  and perpendicular incident  e l e c t r i c  vec to r ,  
respec t ive ly .  
t i ons  have been added. Each example has  been computed a t  s e v e r a l  
va lues  of t h e  imaginary component of r e f r a c t i v e  index. As in-  
creases, t h e  l i g h t  s c a t t e r e d  i n t o  a n g l e s  g r e a t e r  than 8 = 15" 
decreases.  The most s ign i f icant  r e s u l t  of increas ing  the imaginary 
r e f r a c t i v e  index, however, i s  the i n c r e a s e  i n  absorpt ion.  This change 
Curves ( a )  and (b) give t h e  
In curves (c)  and (d) t h e  molecular  s c a t t e r i n g  contribu- 
can be expressed through the  parameters  UabS, o r  t h e  s ing le  s c a t t e r  
a1 bedo. 
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F i g a r e  3.6 Mie scat:ering by atmospheric  polydispersions.  
Aerosols are e v e n  l o g  normal s i z e  number d i s t r ibu t ions  with rg .I 1 
pm, u = 2, and I$, = 1 par t lc le /cm'  i n  t h e  s c a t t e r i n g  plane (a) perpen- 
d i c u l a r  and (b) para l l e l  t o  t h e  e l e c t r i c  vec to r  of incident  polar ized 
l i g h t  a t  a wavelength of 0.633 um. Curves (c)  and (d)  a r e  the r e s u l t  
of adding molecular  s ca t t e r ing  cont r ibu t ions  a t  s tandard  temperature  
and pressure  (dashed l i n e s )  t o  t h e  a e r o s o l  s c a t t e r i n g  ca l cu la t ions  of 
(a) and (b) r e spec t ive ly .  
1.525 and the  indicated values of nim. 
Calculat ions r e f e r  t o  p a r t i c l e s  having n r e  = 
From Grams and Rosen (1978). 
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By i n t e g r a t i n g  t h e  cross s e c t i o n  over t h e  size d l s t r i b u t i o a  
func t ion ,  t h e  o p t i c a l  dep th  of the atmosphere can be determined. 
Defining N(z) as t h e  to ta l  number of p a r t i c l e s  per  u n i t  volume at  
altitude z, 
(3.56) 
Note t h a t  t h e  size d i s t r ibu t ion  is taken  as cons t an t  with r e spec t  t o  
a l t i t u d e .  This Is u s u a l l y  assumed t h e  case f o r  l a c k  of b e t t e r  data.  
More will be s a i d  about t h e  r ad ia l  s i z e  d i s t r i b u t i o n  func t ion  n( r )  and 
t h e  v e r t i c a l  d i s t r i b u t i o n  N(z) in t h e  next  chapter .  
By i n t e g r a t i n g  the  cross s e c t i o n  over t h e  size d i s t r ibu t ion ,  
t h e  phase func t ion  f o r  Mie s c a t t e r i n g  can a l s o  be found. To see this 
most r e a d i l y ,  l e t  us  de f ine  t h e  angular  s c a t t e r i n g  c r o s s  sec t ion  
asc(e) as t h e  c r o s s  s e c t i o n  of t he  inc iden t  vave ac t ed  on by t he  
p a r t i c l e  having an a r e a  such t h a t  t h e  i r r a d i a n c e  flowing a c r o s s  it is  
e q u a l  t o  t h e  i n t e n s i t y  s c a t t e r e d  i n t o  ang le  e. The c r o s s  sec t ion  
defined earlier is equa l  t o  the angular  c r o s s  s e c t i o n  i n t e g r a t e d  over 
all outgoing angles.  W i t h  this, t h e  phase func t ion  is defined as 
(3 .57)  
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From this  de f in i t i on  It l s  apparent t h a t  t h e  i n t e g r a l  of t he  phase 
f u n c t i o n  over  all s o l i d  angler will not  necessa r i ly  be equal  t o  1. 
will equal t h e  s i n g l e  scatter albedo and WFll be equal  t o  1 only if 
t h e r e  fa no absorp t ion  of energy by t h e  p a r t i c l e  (in such a case o w e  - osc). The greater the  imaginary component of r e f r a c t i v e  index, t he  
smaller t h e  single s c a t t e r  albedo, hence a smaller f r a c t i o n  of energy ' 
will be s c a t t e r e d  and a g rea t e r  f r a c t i o n  absorbed. 
It 
For i l l umina t ion  by unpolarized l i g h t ,  
(3.58) 
To run t h e  vers ion of the  Herman code t h a t  accounts f o r  po lar iza t ion ,  
t h e  phase func t ion  must be wr i t t en  In  matr ix  form. This is  done by 
using Sr and Sg, as defined i n  Eq. (3.47), within Eqs. (3.28) through 
(3.30). 
Another parameter,  c lo se ly  r e l a t e d  t o  the  cross  sec t ion ,  t h a t  
I s  commonly r e f e r r e d  t o  I n  the l i t e r a t u r e  I s  the  e f f ic iency  f a c t o r  Q, 
def ined as t h e  c ros s  sec t ion  of a p a r t i c l e  divided by the  geometric 
c r o s s  s e c t i o n a l  a r e a  of t h a t  p a r t i c l e ,  rr2. . If t h e  s c a t t e r i n g  e f f i -  
ciency f a c t o r  I s  p l o t t e d  versus the  s i z e  paramter a, QC obtains  a 
m a x i m u m  value  of a s  l a rge  as 6, and converges i n  an o s c i l l a t o r y  
fash ion  t o  a value between 1 and 2 f o r  high a. This Implies t h a t  the  
p a r t i c l e  can, a t  times, In t e rac t  with an incident  wavefront g r e a t e r  
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than its own geometr ic  area. This is explained through d i f f r a c t i o n  
effects, in which d i f f r a c t e d  f l u x  ie d i r e c t e d  i n t o  a small angle  
cen te red  about t h e  forward d i r ec t ion  of t h e  inc ident  f lux .  
Dave Code 
To compute t h e  M e  parameters  discussed above, a For t ran  
computer program w r i t t e n  by Dave (1969) is used. This program is in- 
corpora ted  i n t o  one of t h e  subrout ines  within t h e  Herman code. Two 
similar Dave codea e d i t ,  one using an upward recur rence  r e l a t ionsh ip  
in which, s t a r t i n g  v i t h  a value of a,(ma), success ive ly  higher values 
are computed, and one using a downward recur rence  re la t ionship .  Zn 
t h e  code t h a t  u s e s  a n  upward recur rence  a lgor i thm,  any e r r o r  i n  the  
f i r s t  term will propagate ,  and f o r  l a r g e  enough a t h e  r e s u l t s  oscil- 
l a t e  wi ld ly  around t h e  co r rec t  value.  For this reason t h e  downward 
r ecu r rence  rou t ine  is prefer red .  It does, however, r equ i r e  more 
s t o r a g e  and 10% t o  20% more run t i m e .  Both codes requi re  double 
prec is ion  a r i t hme t i c ,  and output r e s u l t s  are a c c u r a t e  t o  s i x  s ign i f i -  
c a n t  f i g u r e s  (with t h e  one exception mentioned above, i n  which o s c i l -  
l a t i o n s  occur). 
MODEL ATMOSPHERES 
To c a l i b r a t e  an in -o rb l t  s enso r  using ground-based measure- 
ments ,  t h e  e f f e c t s  of t he  atmosphere on propagating rad ia t ion  must be 
known. This, in t u r n ,  requires  t h a t  a tmospheric  parameters  a f f ec t ing  
radiative t r a n s f e r  be determined. Optical depth,  t empera ture ,  pres- 
s u r e ,  and relative humldity a re  measured on s i te  throughout t he  
morning of t h e  Landsat overpass. It is not  f e a s i b l e ,  however, t o  
measure a l l  t h e  necessary parameters.  For example, t h e  v e r t i c a l  
s t r u c t u r e  of the  atmosphere,  and a e r o s o l  p rope r t i e s  such a s  r e f r a c t i v e  
index,  are no t  e a s i l y  determined. These unknowns must be charac te r -  
i z e d  with assumed va lues ,  based upon d a t a  repor ted  i n  t h e  l i t e r a t u r e  
and publlshed models of t h e  atmosphere. 
Various models have been cons t ruc t ed  t h a t  def ine p rope r t i e s  
such  as temperature ,  p ressure ,  dens i ty ,  and ozone and water vapor con- 
c e n t r a t i o n s ,  as func t ions  of a l t i t u d e .  The U.S. Standard Atmosphere 
of 1962 (USSA, 1962; Valley, 1965) w a s  e s t ab l i shed  j o i n t l y  by the U.S. 
Air Force, U.S. Weather Bureau, and NASA. It gives mean annual  values  
f o r  t he  mid-lati tude be l t .  To account f o r  var ia t ions  w i t h  l a t i t u d e  
and season,  t h e  U.S. Standard Atmosphere Supplements of 1966 (USSAS, 
1966) were es t ab l i shed .  McClatchey e t  al. (1972) make use of these  
d a t a  t o  cons t ruc t  an a t tenuat ion  model f o r  the  atmosphere. This work 
is t h e  basis  of t h e  L O W l "  6 (Kneizys e t  a l . ,  1983) computer code. 
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In addition t o  knowing t h e  
In which Landsat images t h e  e a r t h  
7 1  
a tmospher ic  p rope r t i e s  f o r  t h e  days 
over White Sands, it I s  convenient 
t o  know w h a t  range t h e s e  parameters  may assume. This a l l o w s  ua t o  
d e f i n e  measurement techniques and t o  estimate t h e  u n c e r t a i n t y  of t h e  
c a l l b r a t i o n  procedure. This chapter  d e f i n e s  a set of model parame- 
ters, app l i cab le  t o  t h e  White Sands area. P a r t i c u l a r  a t t e n t i o n  is 
given t o  those  parameters  t ha t  are requi red  as input  t o  t h e  Herman 
code. In addition, t h e  range t h e s e  pa rame te r s  may assume is pre- 
d ic ted .  These d a t a  are used i n  t h e  s e n s i t i v i t y  study, Chapter 6 ,  and 
were a l s o  used in Chapter 2 t o  p r e d i c t  t h e  s a t u r a t i o n  of Landsat 
imagery. We begin by discussing a e r o s o l  c h a r a c t e r i s t i c s .  
Aerosol C h a r a c t e r i s t i c s  
An a e r o s o l  is a dispersed sys tem of small p a r t i c l e s  suspended 
i n  a gas. The a e r o s o l s  present i n  t h e  e a r t h ' s  atmosphere have a 
v a r i e t y  of origins. These inc lude  d u s t s  ( p a r t i c u l a r l y  from a r i d  zones 
and d e s e r t s ) ,  vo lcanic  a s h ,  fo l l age  exudations,  -sea sal ts ,  and combus- 
t i o n  products.  Aerosols introduced i n t o  t h e  atmosphere are modified 
by coagulation, f a l l o u t ,  and washout, which tend t o  e l imina te  t h e  very 
l a r g e  and very small  particles, leav ing  most particles i n  t h e  0.01 t o  
10.0 ym range. The exac t  composition of t h e s e  a e r o s o l s  depends upon 
l o c a l  sources  and sinks, meteoro logica l  condi t ions ,  and geographic l o -  
cale. Common atmospheric aerosol  materials are a 7 5 %  s o l u t i o n  of 
H2S0,, water-soluble ma te r i a l s  cons i s t ing  of ammonium, calcium s u l f a t e  
and organic materials, d u s t ,  soot ,  c l a y ,  and (NH,)$O,. 
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To t h e  extent t h a t  ae roso l s  can be modeled as i s o t r o p i c  
sphe res ,  Hie theo ry  can predic t  t h e i r  abso rp t ion  and s ' ca t te r lng  of 
l i g h t .  For inpu t  t o  t h e  M e  equations, however, it is necessary  t o  
know such a e r o s o l  p r o p e r t i e s  a8 r e f r a c t i v e  index, radial size d i s t r ibu -  
t i o n ,  and v e r t i c a l  d i s t r i b u t i o n  within t h e  atmosphere. Some of t h e s e  
a e r o s o l  parameters  can be measured. For example, Me o p t i c a l  depth 
d a t a  can be i n v e r t e d  t o  obtain t h e  a e r o s o l  radial s i z e  d i s t r ibu t ion .  
Other parameters  are more d i f f i c u l t  t o  measure, and model d a t a  are 
used ins tead .  For example, not only are t h e  techniques f o r  measuring 
r e f r a c t i v e  index r e l a t i v e l y  inaccura te ,  bu t  it of t e n  requi res  s e v e r a l  
months t o  c o l l e c t  and eva lua te  samples. The v e r t i c a l  d i s t r i b u t i o n  
could be determined i n  s i t u ,  but only through use of c o s t l y  tech- 
niques,  such as l i d a r .  As we s h a l l  s e e ,  t h e  l a r g e  unce r t a in ty  t h a t  
can be t o l e r a t e d  i n  this parameter does not warran t  such an  expensive 
and time-consuming e f f o r t .  
Radial Size Dis t r ibu t ions  
One of t h e  most popular models f o r  t h e  r a d i a l  s i z e  d i s t r i b u -  
t i o n  is t h e  Junge, or power l a w  d i s t r i b u t i o n  (defined by Junge, 1963). 
This l a w  was developed from measurements made over Germany i n  1958. 
McCartney (1976) r e f e r e n c e s  many i n v e s t i g a t o r s  who have s u c c e s s f u l l y  
f i t  t h e i r  measured d a t a  t o  this function. The Junge d i s t r i b u t i o n  is 
dN = c'r-' . n(r)  N d(1og r )  ( 4 . 1 )  
Here N is the  number of  p a r t i c l e s  per  u n i t  volume, c '  is a normaliza- 
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t ion constant, and t h e  exponent v determines t h e  s lope  of t he  distri- 
but ion  curve. Thus n(r> is the number of p a r t i c l e s  per  increment in 
log r, normalized t o  t h e  t o t a l  number of p a r t i c l e s .  
the  s ize  distribution over t h e  radial limits is defined as unity.  By 
no t ing  t h a t  d(1og r) = 0.434 d r / r ,  w e  f i n d  t h e  nonlogarithmic form of 
t h e  diet r ibu t lon  : 
The i n t e g r a l  of 
where c - 0.434~' .  The parameter v t y p i c a l l y  ranges from 2.5 t o  4.0. 
The r e l a t i v e  number of small particles inc reases  with V. The Junge 
d i s t r i b u t i o n  f o r  this range is depicted i n  Fig. 4.l(a). 
A wavelength dependence t o  o p t i c a l  depth can be empi r i ca l ly  
r e l a t e d  t o  t h e  radial s i z e  d i s t r ibu t ion  of aerosols .  The f i r s t  such 
r e l a t i o n s h i p  was suggested by h g s t r k  (1929), who concluded t h a t  
(4.3) 
For small p a r t i c l e s ,  y - 4, thus giving t h e  Rayleigh re la t ionship .  
Under hazy conditions y may be less than 1. By assuming a Junge d i s -  
t r i b u t i o n ,  the  above re la t ionship  can e a s i l y  be derived, as was done by 
van de Hulst  (1957). Equation (3.56) is used t o  descr ibe t h e  Mie com- 
ponent of o p t i c a l  depth  i n  terms of t h e  c r o s s  sec t ion  aMie(r) and 
radial s i z e  d i s t r ibu t ion  n(r) .  Making t h e  change of va r i ab le  a = 
2 n r / ~ ,  and s u b s t i t u t i n g  f o r  n ( r>  from Eq. (4.2), w e  obtain 
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It is apparent  t h a t  t h e  exponent y vi th in  E q .  (4.3) is r e l a t e d  t o  t h e  
Junge size d i s t r i b u t i o n  by y = v - 2. 
Other commonly used radial s ize  d i s t r i b u t i o n s  are summarized 
by Russell e t  al. (1981) and Yue and Deepak (1983). These inc lude  t h e  
l o g  normal d i s t r i b u t i o n  and the modified gamma d i s t r i b u t i o n  proposed 
by Deirmendjian ( 1963). 
The l o g  normal is probably t h e  most popular f o r  background 
s t r a t o s p h e r i c  a e r o s o l  s tud ie s .  It is given by 
Recommended va lues  a r e  u = 1.86 and rg = 0.07 w, but t h e  l a t t e r  is 
o f t e n  ad jus ted  between 0.03 and 3.0 pm t o  model d i f f e r e n t  atmospheric 
conditions.  The l o g  normal d i s t r ibu t ion  is presented  i n  Fig. 4.1(b). 
The modified gamma function is of t h e  form 
n ( r )  - Ara  exp(-BrY) . (4.6) 
The name is derived from t h e  gamma d i s t r i b u t i o n ,  wh ich  Eq. (4.6) 
reduces  t o  when y = 1. Since t h e  modified gamma funct ion  has four  
a d j u s t a b l e  cons t an t s ,  it is f r equen t ly  used t o  f i t  measured da ta .  
Deirmendjian (1969) defined cons tan ts  f o r  t h r e e  d i f f e r e n t  haze models, 
designated M, L, and H. The c o n s t a n t s  are given i n  Table 4.1. 
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Constan t  A, as defined by Deirmendjian, is determlned such t h a t  n ( r )  
when i n t e g r a t e d  from ze ro  t o  i n f i n i t y  Is equa l  t o  100 par t ic les /cm' .  
As w e  p r e f e r  t o  work with a normalized d i s t r i b u t i o n ,  w e  have defined 
t h e  a l t e r n a t i v e  cons tan t  A' as that requi red  t o  s a t l s y  Eq. (3.55); t h a t  
is, n(r) when i n t e g r a t e d  between t h e  radial limits, taken here  as 0.01 
and 10.0 vm, equals  1. Model H Is used f o r  s t r a t o s p h e r i c  dus t  p a r t i -  
cles, model L is used t o  r ep resen t  c o n t i n e n t a l  a e r o s o l s ,  and model M 
is appl led  t o  m a r i t i m e  and coastal ae roso l s .  These t h r e e  size distri- 
bu t ions  are drawn in Figure 4.l(c). Bere, as f o r  t h e  Junge and l o g  
normal curves,  t h e  radial limits are taken as 0.01 and 10.0 pm. 
Table 4.1 Haze Model Parameters f o r  t h e  Modified Gamma 
rnst r ibu t ion  
Ms t r i b u t i o n  A a B Y A' 
Haze M 5.3333EM4 1 8.9443 0.5 4.7115 
Haze L 4.9757EM6 2 15.1186 0.5 427.868 1 
Haze H 4.0000€+05 2 20.0000 1 11572.65 
A, a, B, and y from Deirmendjian (1969). . A' defined t o  
normalize n( r ) ,  In tegra ted  from 0.01 t o  10 pm, t o  unity. 
It must be kept in mind t h a t  no s i n g l e  model can def ine  the  
radial s i z e  d i s t r i b u t i c n  prec ise ly ,  as it  is  a dynamic proper ty  of t he  
atmosphere. Even on a s h o r t  time scale,  changes i n  o p t i c a l  p rope r t i e s  
may r e s u l t  f tom l o c a l  f l u c t u a t i o n s  i n  tempera ture  and water  vapor 
concent ra t ions .  As humidity inc reases  , t he  p a r t i c l e  may absorb water 
vapor,  r e s u l t i n g  i n  an inc rease  of p a r t i c l e  s i z e  and a l s o  a change in 
t h e  e f f e c t i v e  r e f r a c t i v e  index. 
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R e f r a c t i v e  Index 
The complex r e f r a c t i v e  index of an a e r o s o l  p a r t i c l e  is depend- 
ent on wavelength and t h e  composition of t h e  pa r t i c l e .  Table 4.2, 
from Kent, Yue, and Ihepak (1983), lists these  r e f r a c t i v e  indices f o r  
common materlale. 
Of p a r t i c u l a r  interest  t o  us, however, are t h e  atmospheric 
s t u d i e s  made in the southwestern Unlted S ta tes .  For example, 
r e s e a r c h e r s  a t  t h e  U.S. &my Atmospheric Sciences Laboratory,  White 
Sands Missile Range, have c o l l e c t e d  and analyzed l o c a l  atmospheric 
p a r t i c l e s ,  with t h e  i n t e n t  of understanding t h e i r  composition and 
s c a t t e r i n g  proper t ies .  Undberg and Gi l lesp le  (1977) used a cascade 
impactor  t o  c o l l e c t  and separa te  p a r t i c l e s  i n t o  one of e ight  s i ze  
bins. After c o l l e c t i n g  continuously f o r  t h r e e  months, they had 
obtained enough p a r t i c l e s  for  ana lys i s .  The composition was d e t e r -  
mined by use of a potassium bromide spectroscopy technique. 
i n a r y  component of r e f r a c t i v e  index was determined from a Cary 1 4  
spectrophotometer .  They discovered t h a t  p a r t i c l e s  of a given s i z e  
range had a d i s t i n c t  composition, hence r e f r a c t i v e  index. The imagi- 
na ry  component of r e f r a c t i v e  index w a s  found to vary over s e v e r a l  
o r d e r s  of magnitude. A s t rong  wavelength dependence was also noted. 
The g i an t  p a r t i c l e s  ( > 1  pm) were composed of c l ay  minerals  (montmo- 
r i l l o n i t e ,  i l l i t e ,  and minerals of t h e  kaol in  group), gypsum, qua r t z ,  
and c a l c i t e .  These p a r t i c l e s  have negl ig ib ly  small imaginary indices  * 
t y p i c a l l y  <0.001* throughout t h e  v i s i b l e  and near i n f r a red .  Submicron 
p a r t i c l e s  were predominately carbon and weakly absorbing ammonium 
s u l f a t e .  Carbon is known t o  be a s t r o n g  absorber ,  with an imaginary 
The imag- 
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index  nea r  0.5. ISndberg and C i l l e sp ie  concluded that t h e r e  is no 
s i n g l e  va lue  of r e f r a c t i v e  index t h a t  can be used t o  descr ibe t h e  
a e r o s o l s  over New Mexico. 
From data such a8 these,  Jeanings, Plnnick, and h v e m a n n  
(1978) proposed a bimodal model of refractive index f o r  ae roso l s  found 
in t h e  White Sands region. Table 4.3 lists t h e i r  l l g h t  ae roso l  loading 
model ( they  also def ine  a model f o r  heavy loading).  Typical and 
extreme va lues  of r e f r a c t i v e  index are given f o r  two r a d i a l  modes. 
A t  10.6 um, minimum ext inc t ion  is obtained using ammonium s u l f a t e  
Table 4.3 Complex Refract ive Indices f o r  a Bimodal P a r t i c l e  Size 
Dis t r ibu t ion  Charac t e r i s t i c  of Light Desert Aerosol Loading 
Small particle mode Large particle mode 
Wavelength Real Imaginary Real Imaginary 
(urn) index index index index 
0.55 Minimum 
Typical 
Maxlmum 
1.06 Minimum 
Typical 
Maximum 
3.8 Minimum 
Typical 
Maximum 
10.6 Minimum 
Typical 
Maximum 
1.52 
1.54 
1.6 
1.5 
1.54 
1.6 
1.56 
1.6 
1.8 
1.99 
2.2 
2.04 
0.01 
0.015 
0.03 
0.01 
0.015 
0.06 
0.02 
0.2 
1.0 
0.06 
1.25 
1.28 
1.52 
1.54 
1.6 
- 1.5 
1.5 
1.6 
1.25 
1.5 
1.8 
1.19 
1.7 
2.18 
0.000 1 
0.003 
0.005 
0.000 1 
0.00 1 
0.005 
0.00 1 
0.02 
0.05 
0.07 
0.2 
0.02 
4 
i From Jennings, Pinnick, and Auvermann (1978). 
x 
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(n = 1.99-0.061) f o r  t h e  small p a r t i c l e  mode, and sodium nitrate 
(n - 1.19-0.071) for  t h e  large p a r t i c l e  oode. 
va lue6  are determlned from carbon (n - 2.04-1.281) and q u a r t z  
(n = 2.18-O.OU) f o r  t h e  small and large modes, respec t ive ly .  
The maximum extlnctlon 
J e d n g s  and coworkers noted that se r ious  e r r o r s  are introduced in t h e  
computed ex t inc t ion  if a n  average r e f r a c t i v e  index value is used. 
Using these  data as a re fe rence ,  w e  chose 1.54-0,011 aa t h e  
v a l u e  wi th  which t o  model t h e  refractive index of ae roso l s  over  White 
Sands. The s e n s i t i v i t y  of ca l ib ra t ion  t o  r e f r ac t ive  index wi l l  be 
analyzed i n  Chapter 6, using the  range of r e f r ac t ive  index va lues  
def ined i n  Table 4.3. 
w i l l  thereby be assessed .  
The error i n  using an averaged r e f r a c t i v e  index 
Vertical Ms t r ibu t ion  
Using s tandard  nomenclature, as defined by the  In t e rna t iona l  
Union of Geodesy and Geophysics i n  1960, t h e  atmosphere is divided 
v e r t i c a l l y  i n t o  f o u r  l a y e r s  on t h e  bas i s  of temperature. These layers 
a r e  t h e  t roposphere,  stratosphere, mesosphere, and thermosphere. The 
tops  of t h e  l a y e r s  a r e  ca l l ed ,  r e spec t ive ly ,  the  tropopause,  s t r a t o -  
pause, mesopause, and thermopause. This s t r a t i f i c a t i o n  of t he  atmos- 
phere is depicted in Fig. 4.2. The t roposphere,  or layer  c l o s e s t  t o  
t h e  e a r t h ,  contains  three-fourths  of t he  e a r t h ' s  air and nea r ly  a l l  
t h e  water vapor and atmospheric particles. On average, t he  tempera- 
t u r e  decreases  i n  t he  troposphere a t  a l a p s e  r a t e  of -6.5"C/km. The 
tropopause is defined as t h a t  a l t i t u d e  where the  lapse  r a t e  goes t o  
zero.  This occurs  a t  approldmately 11 km, but var ies  from g r e a t e r  
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Figure 4.2 Strat i f icat ion of the  atmospheric envelope. 
From McCartney (1976) .  
82 
The t h a n  16 km i n  t h e  t r o p i c s  t o  l ess  than 9 km in t h e  polar  regions. 
s t r a t o s p h e r e  continues nex t ,  t o  about 50 km. Between the  tropopause 
and approldmately 20 km, t empera tures  are constant, near -56OC. 
p e r a t u r e s  then  increase fa t h e  region of i nc reased  ozone, oving t o  an 
i nc reased  absorp t ion  of u l t r a v i o l e t  r ad ia t ion  from the  sun. 
Tem- 
The f i r s t  5 km of the atmosphere I s  a region of s t r o n g  
v e r t i c a l  miring. 
across t h e  earth-air i n t e r f a c e ,  winds, and turbulence  c rea t ed  by l o c a l  
topography. The s ize  d i s t r i b u t i o n  does not change much within this 
region, but both p r e s s u r e  and p a r t i c l e  number dens i ty  decrease expo- 
n e n t i a l l y  with a l t i t u d e .  This decrease  in p a r t i c l e  concent ra t ion  was 
measured, by Penndorf (1954) ,  from t h e  s tudy  of s o l a r  a t t e n u a t i o n  
dur ing  e igh t  aircraft f l i g h t s .  His measurements of Mie ex t inc t ion  
w i t h  a l t i t u d e  were f i t  t o  an equation of t h e  form 
This I s  a t t r i b u t e d  t o  f a c t o r s  such as hea t  t r a n s f e r  
where Bme(O,X,V) I s  t h e  ex t inc t ion  a t  ground l e v e l ,  and t h e  s c a l e  
he ight  Hp, found t o  vary  from 1 t o  1.4 km, was defined as having a 
r e p r e s e n t a t i v e  average of 1.2 km. Recalling t h a t  ex t inc t ion  is 
r e l a t e d  t o  particle number dens i ty  through t h e  c ros s  sec t ion ,  and t h a t  
c r o s s  s e c t i o n  is assumed cons tan t  v i t h  a l t i t u d e ,  p a r t i c l e  concentra- 
t i o n  I s  a l s o  found t o  obey an exponent ia l  f a l l o f f ,  expressed i n  terms 
of the same scale height %. 
A more genera l ized  and o f t e n  c i t e d  model of the  v e r t i c a l  d i s -  
t r i b u t i o n  of a e r o s o l s  is t h a t  of Elterman (1968). This d i s t r i b u t i o n  is 
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def ined  from an average  p r o f i l e  measured under clear atmospheric con- 
ditions (es t imated  t o  be 23 km in visibility). The experimental s e t u p  
is descr ibed  in El terman (1966). An i n t e n s i t y  modulated s e a r c h l i g h t  
beam was pro jec ted  into the sky over  Uhlte Sands, New Heldco. This 
site w a s  a t  an elevation of 1.39 km. Synchronous de t ec t ion  a t  A - 
0.55 pm w a s  made 30.2 km away, from Sacramento Peak. 
were obtained t o  35 km a l t i t u d e ,  a t  1 km reso lu t ion .  It was poss ib le  
to obtain d a t a  t o  g r e a t e r  a l t i t u d e s ,  but a e r o s o l  a t t e n u a t i o n  was con- 
s ide red  n e g u g i b l e ,  and t h e r e f o r e  not of i n t e r e s t  in this region. 
Sca t t e r ing  d a t a  
From December 1963 t o  Apri l  1965, 119 ex t inc t ion  p r o f i l e s  were 
acquired. The las t  79 of these  were averaged t o  y i e ld  t h e  v e r t i c a l  
p r o f i l e  model. 
unusua l ly  high va lues  of s t r a t o s p h e r i c  dus t  t h a t  were p r e s e n t  a s  a 
r e s u l t  of t h e  M t .  Agung volcanic e rupt ion ,  March 1963. The Penndorf 
model was next used t o  extend t h e  model from 3.7 km t o  sea l e v e l .  
F ina l ly ,  a least  square  f i t  on d a t a  from 26 t o  32 km was made, t hus  
enabl ing  t h e  model t o  be extended t o  SO km. This ex t inc t ion  model f o r  
a e r o s o l  s c a t t e r e r s  is presented i n  Table 4.4, a long  w i t h  a molecular 
number dens i ty  p r o f i l e  versus  a l t i t u d e .  The l a t t e r  is defined by t h e  
USSA (1962). These p r o f i l e s ,  a long  with the  ozone and water  vapor 
p r o f i l e s  t o  be discussed l a t e r ,  a r e  normalized and used within t h e  
Herman code. Here, t h e  op t i ca l  depth components are computed a s  a 
func t ion  of a l t i t u d e ,  given o p t i c a l  depths a t  ground l e v e l .  If t h e  
Elterman model of Hie ex t inc t ion  ve r sus  a l t i t u d e  is  divided by t h e  
Earlier d a t a  were d e l e t e d  so as t o  avoid including the  
- a e r o s o l  c ros s  s e c t i o n  a t  0.55 vm, a number dens i ty  p r o f i l e  can be 
obtained . 
Table 4.4 Model Parameters of Me Extinct ion and Molecular 
Number Density aa a Functlon of Al t i tude  
0 
1 
2 
3 
4 
5 
6 
7 
9 
10 
11 
12 
13 
14 
15 
16 
17 
19 
20 
21 
22 
23 
24 
25 
a 
18 
1.58 E-01 
6.95 E-02 
3.00 " 
1.26 .. 
6.66 E-03 
so02 - 
3.54 " 
3.29 .. 
3.39 - 
3.25 
3.17 
2.97 .. 
3.12 a 
2.82 .. 
2.65 
2.52 .. 
2.49 ** 
2.41 
2.03 *' 
1.49 
1.08 
8.13 E-04 
6.22 " 
4.93 - 
4.15 
2-88 I* 
2.547 E+19 
2.311 " 
2.093 
1.891 
1.704 
1.531 .. 
1.373 .. 
1.227 a 
1.093 " 
9.712 E+18 
8.598 - 
7 . ~ 8 5  n 
4.738 ** 
6.486 .. 
5.s43 
4.049 *' 
3.461 .. 
2.959 *' 
2.529 
2.162 
1.849 .. 
1.574 " 
1.341 .. 
1.144 " 
9.760 E+17 
8.335 " 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
38 
3.62 E-04 
2.77 
2.12 " 
1.63 .. 
1.25 .. 
9.55 E-OS 
7.31 .. 
5.60 .. 
4.29 - 
3.29 '* 
2.s2 
1.93 " 
1.48 " 
1.13 " 
8.66 E-06 
6.64 '* 
5.08 99 
3-89 1- 
2-28 0 -  
2.98 '* 
1.75 " 
1.34 " 
1.03 '' 
6.02 '* 
7.86 E-07 
7.123 E+17 
6.092 .. 
5.214 .. 
4.466 
3.828 9' 
3.283 ** 
2.818 ** 
2.406 .. 
2.056 
1.760 
1.509 *' 
1.296 " 
1.116 " 
9.620 E+16 
8. 308 '9 
7.187 
6.227 " 
5.404 " 
4.697 I' 
4.088 " 
3.564 " 
3.112 '* 
2.738 " 
2.418 " 
2.135 " 
From Elterman (1968). A l l  parameters defined a t  X - 0.55 pm. 
The Elterman d a t a  confirm t h e  e rds tence  of a s t r a t o s p h e r i c  
d u s t  l a y e r  at 20 bm. This l ayer ,  observed by many o t h e r  r e sea rche r s ,  
is a s t a b l e  region of s u l f a t e  particles and s u l f u r i c  acid d rop le t s .  
is found over  both urban and r u r a l  regions,  and exists a t  an a l t i t u d e  
approximately equal  t o  t h a t  of g r e a t e s t  ozone concentrat ion.  In this 
l a y e r  t h e  smaller p a r t i c l e s  rapidly decrease with a l t i t u d e .  Those of 
It 
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r a d i u s  less than  0.1 um are nonerdstent near 20 km. 
bution of l a r g e r  p a r t i c l e s ,  however, does not change g r e a t l y  from t h a t  
a t  lower a l t i t u d e s .  
The size distri- 
Visibility 
In o r d e r  t o  model aerosol o p t i c a l  depths  under a v a r i e t y  of 
a tmospher ic  conditions,  Elterman (1970) used visibility t o  compute 
a tmospher ic  e x t i n c t i o n  a t  sea level. V i s ib i l i t y  V, or  meteoro logica l  
range, I s  defined under s u n l i t  conditions as t h e  g r e a t e s t  h o r i z o n t a l  
distance a t  which an observer  a t  ground l e v e l  can d is t inguish  a black 
ob jec t  aga ins t  t h e  background sky. It is t hus  a subjec t ive  eva lua t ion  
of t h e  a t t e n u a t i o n  of con t r a s t .  As an observer  looks along a horizon- 
t a l  pa th ,  c o n t r a s t  is reduced owing t o  d i r e c t  s u n u g h t ,  d i f f u s e  
skylight, and ground r e f l e c t e d  l i g h t  s c a t t e r e d  toward t h e  observer .  
The observed c o n t r a s t  of an  i d e a l l y  b lack  ob jec t ,  a t  d i s tance  V,  i s  
given as 
(a negat ive  number, as t h e  object is da rke r  than  t h e  background, and 
as c o n t r a s t  is defined as t h e  ob jec t  minus background, divided by 
background radiance). 
- 0.02 ( t h e  lowes t  c o n t r a s t  a t  which an objec t  can j u s t  be d i s t i n -  
@shed), ex t inc t ion  is  determined a s  a func t ion  of v i s i b i l i t y :  
TaWng the  v i s u a l  t h re sho ld  of perception as C 
(4 .9 )  
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This expression was derived by noting that -ln(0.02) = 3.912 and 
s e t t i n g  6ext = B u e + B b y .  The l a t te r  e q u a l i t y  can be j u s t i f i e d  by 
assuming t h a t  absorp t ion  over d is tances  on t h e  order of the  visual 
range  V are negl igible .  
is f o r  a wavelength of 0.55 um, t h e  wavelength a t  which t h e  eye is 
most sens i t i ve ,  and f o r  an altitude of z = 0 km. In p rac t i ce ,  measur- 
ing Visual range is an imprecise science,  re ly ing  on the  subjec t ive  
opinion of t h e  observer  and requiring t h e  presence of an object a t  a 
d i s t a n c e  j u s t  equal  t o  t h a t  at  the  extreme of visual perception. Nev- 
e r t h e l e s s ,  it is u s e f u l  in computing a model of o p t i c a l  depth 7 e e ,  as 
is discussed next.  
The ex t inc t ion  that i u  defined in this manner 
For a l t i t u d e s  above t h e  mixing l a y e r ,  taken a s  5 km, Mie ext inc-  
t i o n  is assumed independent of ground conditions , and hence v i s i b i u t y .  
A t  a wavelength of 0.55 urn t h i s  ex t inc t ion  is modeled by t h e  da ta  pre- 
s en ted  in T a b l e  4.4. Conversely, a t  ground l e v e l  ex t inc t ion  is de te r -  
mined d i r e c t l y  from v i s i b i l i t y  by means of Eq. (4.9). For intermediate  
a l t i t u d e s  a scale height is computed t o  f i t  these  boundary conditions. 
That is, from E q .  (4.7) 
where 
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After scale he ight  l a  computed, Hie e x t i n c t i o n  ia determined f o r  all 
a l t i t u d e s  below 5 km through use of E q .  (4.7) and f o r  a l t i t u d e s  above 
5 km through t h e  measured Elterman da ta ,  Table 4.4. The Hie ext inc-  
tion is t h e n  i n t e g r a t e d  over all a l t i t u d e s  t o  y i e ld  t h e  Hie o p t i c a l  
dep th  a t  a wavelength of 0.55 m: 
The first term in t h e  so lu t ion  is a func t ion  of v i s i b i l i t y .  The second 
term (BSINTEG) is the  Elterman (1968) data i n t e g r a t e d  between z = 5 km 
and o. Figure 4.3 glves ~ m e ( 0 . 5 5  -,V) as a func t ion  of v i s i b i l i t y .  
i 
5.0 1 1 1 1 1  1 I 1 ’ 1  I 
1.0 
0. 1 
ans 
1 10 
Visibility (kml 
I00 336 
Figure 4.3 Mie o p t i c a l  depth a s  a func t ion  of visi- 
b i l i t y  at a wavelength of 0.55 um. 
The haze /c l ea r  boundary, a s  defined by 
Elterman (1970), is  15 km. 
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Elterman next s c a l e d  this va lue  of o p t i c a l  depth,  using t h e  
d a t a  of Curclo, IbesSr lck ,  and Cosdcn (1961), t o  determlne t h e  s p e c t r a l  
d i s t r i b u t i o n  of tMe(X,V)* Denoting the extinction d a t a  r epor t ed  by 
t h e s e  8uthotS  as B,(A), t h e  Hie component of o p t i c a l  depth  is found 
for a n  arbitrary wavelength: 
(4.12) 
This is j u s t i f i e d  by t h e  following argument. It is noted t h a t  the  
r a t i o  of M e  c r o s s  s e c t i o n s  ( in t eg ra t ed  over t h e  normalized r a d i a l  
s ize  d i s t r i b u t i o n ) ,  UMe( X ) / o u e (  0.55 vm),  is independent of v i s i b i l i t y .  
Ext inc t ion  is r e l a t e d  t o  meteorological conditions only through the 
number dens i ty ,  o r  6me(z,X,V) = N M e ( Z , V )  Ume(X). 
imat ion ,  ignoring changes i n  r a d i a l  s i z e  d i s t r i b u t i o n  and r e f r a c t i v e  
index.) Thus, 
(This is an approx- 
B~e(O,0.55,V> 6c(X)/Bc(O.55) (4.13) 
That is ,  M e  ex t inc t ion ,  a t  ground l e v e l  and a t  a chosen wavelength, 
is determined from t h e  product of ex t inc t ion  a t  X - 0.55 Urn w i t h  the 
r a t i o e d  C u r d o  d a t a ,  B c ( X ) / B C ( O . 5 5  mi). As befo re ,  Mie o p t i c a l  d e p t h  
is determined from t h e  i n t e g r a t i o n  of ex t inc t ion  with a l t i t u d e .  As 
e x t i n c t i o n  f o r  t h e  new wavelength scales as 8c(X)/Sc(0.55), a constant 
independent of a l t i t u d e ,  so does o p t i c a l  depth. 
a9 
For the TMe(0.55,V) White Sands model w e  s e l e c t e d  Elterman's 
We then  used h g s t r h ' s  formula,  r a t h e r  than the  model at 0.55 urn. 
Curcio data, t o  determine rme a t  other wavelengths. This vovelcngth 
dependence w i l l  be found if t h e  a e r o s o l s  present  fo l low a Junge 
radial size d i s t r ibu t ion ,  and we assumed such a d i s t r ibu t ion  In  our 
c a l i b r a t i o n .  
determined o t h e r  s p e c t r a l  t u e  by means of 
Hence, after determining ~ ~ e ( O o 5 5 , V )  from E q .  (4.11), w e  
To model clear-air condi t ions,  w e  chose f o r  the s tandard model a visi- 
b i l i t y  of 100 km and v = 2.5. The r e s u l t i n g  TMe values  a r e  summa- 
r i z e d  i n  t h e  bold type  of Table 4.5. Also given are ?fie va lues  f o r  
several o t h e r  combinations of visibility and V. The f i r s t  column of 
this t a b l e  gives t h e  v i s i b i l i t y  and v va lues ;  t h e  fol lowing columns 
give tme a t  the  r e fe rence  wavelength of 0.55 urn and a t  t h e  s i x  
r e f l e c t i v e  TM bands. 
Molecular Absorbers 
In t h e  v i s i b l e  and near i n f r a r e d  wavelengths,  water vapor, 
oxygen, and carbon dioxide are t h e  primary atmospheric gases  t h a t  
produce s t r o n g  absorpt ion l ines .  Figure 4.4 shows how each of t hese  
c o n t r i b u t e s  t o  atmospheric absorpt ion f o r  a v e r t i c a l  path. The ex ten t  
of t h e  Thematic Mapper (TM) bands is a l s o  given. From this f igu re  i t  
is  apparent  t h a t  ozone and w a t e r  vapor are the  primary absorbers  
whose e f f e c t s  w i l l  have t o  be  accounted f o r  i n  the  ca l ib ra t ion  
process .  For tbis reason, this s e c t i o n  focuses  on these  two gases.  
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Table 4.5 Summary of Model Parameters Defined for 
White Sands Missile Range 
~ 
TM band 1 2 4 5 7 
Wavelength (vm) 0.55 0.4860 0,5710 0.6610 0.8380 1.6800 2.2200 
~ b p  (Pressure, mbar) 
( 800.00) 0.0776 0.1287 0.0666 0.0368 0.0141 0.0009 0.0003 
( 1000.00) 0.0970 0.1609 0.0833 0.0460 0.0176 0.0011 0.0004 
( 9 0 0 - 0 0 )  0.0873 0,1448 0 ,0749  0 ,0414 0,0159 0,0010 0.0003 
( 1013.25) 0.0983 0.1630 0.0844 0.0466 0.0178 0.0011 0.0004 
( 23/ 2.5) 
( 23/ 3.0) 
( 23/ 4.0) 
(loo/ 2.5) 
(loo/ 3.0) 
(loo/ 4.0) 
(ZOO/ 2.5) 
(200/ 3.0) 
(200/ 4.0) 
0.27 18 
0.27 18 
0.2718 
0.1156 
0.1156 
0.1156 
0.0813 
0.0813 
0.0813 
0.2891 0.2667 0.2479 
0.3075 0.2618 0.2261 
0.3480 0.2521 0.1881 
0.1230 0.1134 0 ,1054 
0.1308 0.1113 0.0962 
0.1480 0.1072 0.0800 
0.0865 0.0798 0.0742 
0.0921 0.0784 0.0677 
0.1042 0.0755 0.0563 
0.2202 
0.1784 
0.1171 
0,0936 
0.0759 
0.0498 
0.0659 
0.0534 
0.0350 
0.1555 
0.0890 
0.0291 
0.0661 
0.0378 
0.0124 
0.0465 
0.0266 
0.008 7 
0.1353 
0.06 73 
0.01 67 
0.057 5 
0.0286 
0.007 1 
0.0405 
0.0202 
0.0050 
( 212.0) 0.0195 0.0055 0.0231 0.0113 0.0013 0.0000 0.0000 
( 255.0) 0.0235 0.0066 0,0277 0.0136 0 ,0016 0,0000 0.0000 
( 298.0) 0.0274 0.0077 0.0324 0.0159 0.0018 0.0000 0.0000 
( 337.0) 0.0310 0.0087 0.0367 0.0180 0.0021 0.0000 0.0000 
T B ~ O  (Water vapor, g cm -' km") 
( 0.010) 0.0000 0.0000 0.0000 0.0000 0.0006 0.0016 0.0010 
( 0,100) 0.0000 0.0000 0,0000 0.0000 0.0057 0,0155 0.0101 
( 0.590) 0.0000 0.0000 0.0000 0.0000 0.0335 0.0915 0.0594 
( 1.000) 0.0000 0.0000 0.0000 0.0000 0.0568 0.1551 0.1007 
( 10.000) 0.0000 0.0000 0.0000 0.0000 0.5678 1.5508 1.0068 
TCOr 0.0000 0.0000 0,0000 0.0000 0,0000 0,0094 0.0035 
Model parameters are in  bold type; extreme values, which are defined 
for sensitivity analysis, are i n  other rows. The optical depths are 
given at  0.55 urn, where f w e  is computed for a glven visibil ity,  as 
wel l  as for the six reflective TM bands. 
Aerosol characteristics: 
Radial limits: 
Refractive index: 1.54 - 0.01f Qn = 0.02 pm; Rmax * 5.04 urn; AR = 0.04 urn 
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Water vapor absorp t ion  becomes s i g n i f i c a n t  f o r  wavelengths greater 
than 0.70 w; carbon dioxide has absorp t ion  bands t h a t  over lap  Tn 
bands 5 and 7. In addi t ion  t o  t h e s e ,  t h e r e  Fs significant ozone 
abeorptfoa from 0.4 to 0.9 m, with a admum near 0.6 m. This is 
due t o  the Chappius bands, a term appl ied  to this ozone continuum. 
Nitrogen dioxide a l s o  has  continuum absorp t ion  from approximately 0.34 
t o  0.50 m, with a maximum near 0.41 p. The magnitude of NO, absorp- 
t i o n  is s m a l l  and is  Ignored here. 
Ozone 
Ozone Is a minor cons t i tuent  but a p r inc ipa l  absorber of s o l a r  
r a d i a t i o n ,  respons ib le  f o r  t h e  deple t ion  of s o l a r  r ad ia t ion  between 0.2 
and 0.3 um. It is c r e a t e d  primarily between a l t i t u d e s  of 20 and 30 
km, where l a r g e  numbers of oxygen molecules a r e  d issoc ia ted  by t h e  
abso rp t ion  of u l t r a v i o l e t  radiation. The predicted columnar ozone 
con ten t  of t h e  atmosphere is dependent on both season and l a t i t u d e ,  as  
is shown in Fig. 4.5. & r e ,  the  average atmospheric content is p l o t t e d  
f o r  f o u r  seasons as a func t ion  of l a t i t u d e .  An annual average i s  a l s o  
defined, again dependent on l a t i t u d e .  
maximum i n  spring and a minimum in autumn, with t h e  l a r g e s t  amplitude 
of v a r i a t i o n  a t  high l a t i t u d e s .  For l a t i t u d e s  nor th  of t h e  t r o p i c  
zone, s easona l  va r i a t ions  are n e a r l y  s inusoida l .  Measurements made 
over  Tucson (King and Byme, 1976) show t h a t  ozone can be expressed as 
The t o t a l  amount of ozone is  a 
No, (255.3 2 4.0 m a t m - c m )  
+ (42.6 2 5.0 m a t m - c m )  sin(2nx - +) , (4 .15)  
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Figure 4.5 Columnar ozone as a func t ion  of 
l a t i t u d e  and season. 
From London (1962). 
where x is t h e  f r a c t i o n a l  time of yea r  and 0 determines t h e  time of 
y e a r  for t h e  d i s t r ibu t ion  peak. 
t h e  minimum about 23 October. Since White Sands is  a t  roughly the  
same l a t i t u d e  a s  Tucson, th i s  dependence is assumed an appropr ia te  
model f o r  our  test site. 
The maximum occurs  about 23 April ,  
The t o t a l  ozone content of a v e r t i c a l  column of air  is usua l ly  
With an atmospheric  ozone content  expressed  i n  un i t s  of (matm-cm)STp. 
of NO, atm-cm, where 1 atm-cm * 10' m a t m - c m ,  t h e r e  would be NOZ cm 
i n  height of pure absorber  contained i n  a squa re  cent imeter  a t  
s t anda rd  p res su re  (1013.25 mb) and t empera tu re  (273.15 K). Also, 
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1 a t m - c m  = 2.69 x lo1’ molecules/cn,  independent of t he  absorbing gas. 
Table  4.6 gives one model f o r  t h e  v e r t i c a l  d i s t r i b u t i o n  of ozone 
wi th in  t h e  atmosphere. This particular p r o f i l e  I s  t h e  low l a t i t u d e  
p r o f i l e  measured under condltloor in which t h e  t o t a l  ozone content  was 
appro ldmate ly  250 natn-cm. It was s e l e c t e d ,  from those  defined by 
Mateer, DcLuisl, and Porco (1980), as t h e  most appropr ia te  w i t h  which 
t o  model White Sands. The or ig ina l  sou rce  of these  d a t a  Includes 
ozonesonde d a t a  archived by t h e  World Ozone Data Centre, and ozone- 
sonde d a t a  from t h e  USAF ozonesonde network opera ted  during the  e a r l y  
19608. In t h e  t a b l e ,  ozone conten t  is defined f o r  34 atmospheric 
l a y e r s ,  where t h e  atmospheric p r e s s u r e  a t  t h e  base of a l a y e r  is /2 
times t h e  atmospheric pressure  a t  t h e  top of t h e  l aye r .  The base of 
t h e  lowes t  l a y e r  I s  taken t o  be 1013.25 mbar, s tandard  pressure .  
The s p e c t r a l  dependence of ozone absorption is usually taken 
as t h a t  from Vigroux (1953). These d a t a  are based on l abora to ry  meas- 
urements a t  1013 mbar and 15OC. (The e f f e c t s  of temperature and 
p r e s s u r e  on t h e  ozone absorption c o e f f i c i e n t  a r e  considered small.) 
These absorp t ion  c o e f f i c i e n t s ,  as published i n  Elterman (1968), a r e  
l i s t e d  I n  Table 4.7. To predict  an  o p t i c a l  depth f o r  a given t i m e  of 
y e a r ,  t h e  product of number dens i ty ,  such as modeled by Eq. (4.151, 
and a s p e c t r a l  coe f f i c i en t ,  as i n t e r p o l a t e d  f r o m  Table 4.7, is 
determined: 
( 4 . 1 6 )  
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Table 4.6 Vertical Dfstrlbution of Ozone 
Ozone amount for 
Layer (km) profile (mat m-cm) 
Beight standard low latitude 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
0. 
2.8 
5.5 
8.0 
10.3 
12.5 
14.7 
16.9 
19.1 
21.3 
23.6 
25.9 
28.1 
30.5 
32.8 
35.2 
37.7 
40.2 
42.8 
45.5 
48.3 
60.0 
53.6 
56.2 
58.8 
61.4 
64.0 
66.6 
69.2 
71.3 
73.3 
75.3 
77.3 
79.3 
3.96 EM0 
3.47 - 
2.93 " 
2.41 
1.80 " 
1.78 '* 
2.50 " 
7.11 '* 
1.74 E M 1  
2.75 '* 
3.48 '* 
3.71 " 
3.36 " 
2.67 '* 
1.83 " 
1.21 '* 
7.47 € 4 0  
4.30 " 
2.31 " 
1.21 " 
6.31 E-01 
3.30 " 
1.72 *' 
9.00 E-02 
4.70 '* 
2.46 " 
1.28 " 
6.71 E-03 
3.51 " 
1.83 *' 
9.58 E-04 
5.01 " 
2.62 " 
2.86 " 
Total ozone 250 
Ozone amount per layer from Mateer, D e L u i s i ,  
Pressure per layer defined from Pres(J) = 
Height from interpolation of USSA pressure 
and Porco (1980) 
1013 (/z>J-'. 
versus height (Table 4.8) 
96 
t -  
Table 4.7 Ozone Absorption 
as a Function of Wavelength 
~~ 
0.27 
0.28 
0.30 
0.32 
0.34 
0.36 
0.38 
0.40 
0.45 
0.50 
0.55 
0.60 
0.6s 
0.70 
0.80 
0.90 
210. 
106. 
101. 
0.898 
0.064 
0.0018 
0. 
0. 
0.0035 
0.0345 
0.092 
0.132 
0.062 
0.023 
0.01 
0. 
From Elterman (1968)  
To compute t h e  o p t i c a l  depth from measured parameters  f o r  a glven 
wavelength and a l t i t u d e ,  
(4 .17 )  
The parameter  Toz(o,xr) is that  component of o p t i c a l  depth which is 
deduced from Langley p l o t  measurements, a t  a radiometer wavelength of 
Xr and a t  ground e l eva t ion ,  z = 0 km. The r a t i o s  NoZ(z)/NoZ(0) and 
ooz(X>/aoz( 1,) a r e  determined from Tables  4.6 and 4 . 7 ,  respec t ive ly .  
Table 4.5 Lists T ~ Z  f o r  s e v e r a l  values  of t he  columnar number 
The model da ta  (computed a t  No, = 255 matm-cm) a r e  i n  dens i ty  No,. 
bold type. 
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Water Vapor 
The amount of water vapor t h a t  t h e  atmosphere can contain 
depends on t h e  air temperature.  
ble. 
tions of pres su re ,  temperature,  o r  densi ty .  Absolute humidity ie 
def ined  by t h e  a c t u a l  p a r t i a l  p ressure  In mil l lba r s ,  o r  by t h e  a c t u a l  
vapor  dens i ty  in g m-'. Vapor p re s su re  and dens i ty  are r e l a t e d  by P = 
pRT, where R is t h e  spec i f ic  gas cons tan t  of t h e  gas in quest ion (uni- 
v e r s a l  gas cons t an t  divlded by t h e  molecular  weight of t h e  gas). For 
water vapor,  R - 461.5 J bg" KWA, whereas f o r  d ry  air R = 287.06 
J kg" K-'. Rela t ive  humidity is t he  r a t i o  of a c t u a l  vapor pressure ,  
a t  a s t a t e d  tempera ture ,  to t h e  s a t u r a t i o n  value a t  t h a t  temperature.  
Other common parameters  a r e  mixing r a t i o  and p rec ip i t ab le  water. The 
mixing r a t i o  Is t h e  mass of vapor contained In  a uni t  mass of dry air; 
*It is  sometimes expressed i n  u n i t s  of grams per  kllogram. Precipi- 
t a b l e  water Is t h e  amount of water  contained In  a v e r t i c a l  air column 
of uni t  c ros s  sect ion.  
Below -4OOC this amount I s  ncgl lgi-  
To quantify j u s t  how much Is presen t ,  w e  w e d  one of many func- 
The tempera ture  measures of water  vapor are the  dewpoint, Td,. 
and f r o s t p o i n t ,  Tf.  Dewpoint is t h e  temperature  a t  which a e v e n  
p a r c e l  of air would have t o  be cooled t o  reach sa tu ra t ion .  Frostpoint  
is defined In t h e  same way, except t h a t  Sa tura t ion  is  with respec t  t o  
ice 
In modeling the  sens i t i v i ty  of water  vapor t o  the  ca l ib ra t ion  
process ,  w e  r e f e r  t o  var ia t ions  i n  absorpt ion i n  terms of water  vapor 
dens i ty  a t  ground l e v e l .  The an t i c ipa t ed  range of water vapor is  de- 
termined from t h e  expected range of l a t e  morning t empera tures  f o r  t h e  
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area. Figure 4.6 I s  used t o  convert  these tempera tures ,  a t  a glven 
relative humidity, t o  water vapor dens i ty  a t  sea level. Prom a t e m -  
p e r a t u r e  of -12OC and low humidity, t o  2OoC and high humldity, water 
vapor  varies from approximately 0.01 to 1.0 g cmoi km-l. 
p r o f i l e  of water vapor l a  modeled a f te r  d a t a  from Slssenwine, 
Grantham, and S a l n e l a  (1968). These d a t a ,  presented in Table 4.8, 
assume a dens i ty  of 0.59 g cm" km'' a t  ground level (corresponding t o  
a t empera ture  of 15°C and relative humidity of approximately 50x1, 
and 1.417 g cm' for t he  in t eg ra t ed  amount of water vapor throughout 
t h e  atmosphere. (Since water vapor fa l l s  off  exponent ia l ly ,  a scale 
he ight  w a s  defined f o r  each l aye r ,  and then each layer was in t eg ra t ed  
over  this exponent ia l  dis t r ibut ion.)  
The v e r t i c a l  
A t  t he  test  s i te ,  r e l a t i v e  humidity is usua l ly  measured by a 
psychrometer.  Thls cons i s t s  of two thermometers,  one of which ( " w e t  
bulb") is covered v i t h  some mater ia l  t h a t  I s  s a t u r a t e d  with water.  As 
water evapora tes ,  t h e  temperature  of t h e  w e t  bulb decreases .  The 
d i f f e r e n c e  In temperatures  is re la ted t o  t h e  r e l a t i v e  humidity. When 
radiosonde measurements are made, an electrlcal  hygrometer I s  used. 
The hygrometer relles on the  change i n  s t a t e  of a material with 
moisture.  A polys tyrene  s l ide ,  coated with a t h in  l a y e r  of a hydroxy- 
e t h y l  c e l l u l o s e ,  is constructed with e l e c t r o d e s  on each s ide .  The 
electrical  r e s i s t i v i t y  of the coa t ing  inc reases  as the  humidity 
increases. 
In t h e  Herman code, i t  is not  t he  a c t u a l  water vapor t h a t  is 
of i n t e r e s t ,  but t h e  t ransmi t tance  T a t  a given wavelength. This is 
expressed i n  terms of T H ~  f o r  water vapor ( r e c a l l  T - exp(-r)>. To 
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Table 1.8 Model Vertical Profiles of Ressure, 
Temperature, and Water Vapor for 
U.S. Standard Atmosphere 
Wght  Reseure Temp Density Water vapor 
(km) (mbar) (K) (g/m'> (g/m') 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
30 
35 
40 
45 
50 
70 
100 
1.013 E 4 3  
8.986 E 4 2  
7.950 .. 
7.012 " 
6.166 .. 
5.405 
4.722 
4.111 
3.565 .. 
3.080 " 
2.650 " 
2.270 *' 
1.940 
1.658 " 
1.417 *' 
1.211 *. 
1.035 '* 
8.850 €41 
7.565 '* 
6.467 " 
5.529 '* 
4.729 " 
4.047 " 
3.467 " 
2.972 " 
2.549 " 
1.197 " 
5.746 E M 0  
2.87 1 '* 
1.491 " 
7.978 E-01 
5.520 E-02 
3.008 E-04 
288.1 
281 . 6 
275.1 
268.7 
262.2 
255.7 
249.2 
242.7 
236.2 
229.7 
223.2 
216.8 
216.6 
216.6 
216.6 
216.6 
216.6 
216.6 
216.6 
216.6 
216.6 
217.6 
218.6 
219.6 
220.6 
221.6 
226.5 
236.5 
250.4 
264.2 
270.6 
219.7 
210.0 
1.225 E M 3  
1.111 
1.007 .. 
9.093 E M 2  
8.193 
7.364 " 
6.601 .. 
5.900 " 
5.258 * 
4.671 ** 
4.135 " 
3.648 '* 
3.119 '* 
2.666 " 
2.279 *' 
1 . 948 *' 
1.665 " 
1.423 " 
1.216 '* 
1 . 040 '' 
8.891 E+01 
7.572 '' 
6.451 " 
5.500 " 
4.694 " 
4.008 " 
1.841 *' 
8.463 E+OO 
3.996 " 
1.966 " 
1.027 " 
8.754 E-02 
4.989 E-04 
5.9 EM0 
4.2 .. 
2.9 " 
1.8 " 
1.1 '* 
6.4 E-01 
3.8 " 
2.1 '* 
1.2 " 
4.6 E-02 
1.8 * 
8.2 €003 
3.7 " 
1.8 " 
8.4 E-04 
7.2 " 
6.1 " 
5.2 " 
4.4 " 
4.4 " 
4.4 " 
4.8 " 
5.2 " 
5.7 " 
6.1 *' 
6.6 " 
3.8 " 
1.6 " 
6.7 E-05 
3.2 E-06 
1.2 " 
1.5 E-07 
1.0 E-09 
From McClatchey et a l .  (1972, Table Bl), who 
report pressure, temperature, and density f r o m  
USSA (1972) and water vapor profile from Sis- 
senwine e t  a l .  (1968). 
S 
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model transmittance f o r  a tnoopherlc  gases ,  t h e  LOUTRAN 6 (Kneizys e t  
al., 1983) computer code was an. Mter  in t eg ra t ion  between t h e  
equ iva len t  TM bandpasaes, 98 computed by Palmer (1984) ,  an average 
va lue  was determined fo r  TU bands 4, 5, and 7. These were found 
t o  be 0.0335, 0.0915, and 0.0594, respec t ive ly .  (The corresponding 
values t h a t  characterize carbon dloxlde absorpt ion were TCO, - 0.0, 
0.0094, and 0.0035.) 
Sands w a s  computed by sca l ing  these  ta,o values  by t h e  r a t i o  
p~,o(O,RH,T)/0.59, where t h e  water con ten t  a t  White Sands may vary 
betveen P~,o(O,RH,T) = 0.01 and 1.0 g cm'z. The r e s u l t i n g  TH,O values  
are summarized in Table 4.5. To compute t h e  band-averaged radiance 
inc iden t  on a senso r ,  radiances must,  In  genera l ,  be computed over 
s m a l l  wavelength I n t e r v a l s  of cons t an t  o p t i c a l  depth and then 
averaged. Because water vapor absorp t ion  var ies  rap id ly  with wave- 
l e n g t h ,  I t  is d i f f i c u l t  t o  define such I n t e r v a l s  and the  TH 0 parame- 
ters assoc ia ted  with them. However, t h e  TM bands are s e l e c t e d  t o  
avoid reglons of s t rong  water vapor absorp t ion ,  and TH,O is the re fo re  
s m a l l .  Any i n t e g r a l s  over exp(-T) can be approximated as i n t e g r a l s  
over  terms l l n e a r  i n  T. This j u s t i f i e s  t h e  use of a band-averaged 
water vapor o p t i c a l  depth f o r  use  i n  t h e  r ad ia t ive  t r a n s f e r  code. 
The range of pred ic ted  T H , ~  values  f o r  White 
Z 
Current ly ,  t he  amount of water vapor present  in the  atmos- 
phere,  f o r  t h e  days of t h e  Landsat overpass ,  is determined from 
measured r e l a t i v e  humidity, temperature ,  and Fig. 4.6. It is hoped 
that within t h e  near  f u t u r e  t h i s  technique w i l l  be replaced by a 
direct measurement of t, made with f i l t e r s  matched t o  TM bands 5 and 
7. This W i l l  be done with t h e  s o l a r  radiometer  and Langley p l o t  
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technique, thereby  removing many unce r t a in t i e s  assoc ia ted  with use of 
L O U T "  t r ansmi t t ance  s p e c t r a  and t h e  scaling technique. 
Solar  Irradiance 
To compute t h e  s p e c t r a l  radiance incident  on an in-orbit 
s e n s o r ,  it I s  necessary t o  know t h e  exoatmospherlc s o l a r  s p e c t r a l  
Irradiance t o  a high l e v e l  of ce r t a in ty .  This quan t i ty  is defined as 
t h e  i r r a d i a n c e  1 astronomical  u n i t  (AU) from the  sun, within a speci-  
fied wavelength i n t e r v a l ,  s t r i k ing  a u n i t  s u r f a c e  I n  f r e e  space per- 
pendicular  t o  t h e  sun's r ays  (and v i t h  u n i t s  such as W em'' m-'). 
This parameter  can be measured d i r e c t l y  by using a s o l a r  s p e c t r a l  
radiometer .  The i r rad iance  data,  when ex t r apo la t ed  t o  zero  air mass, 
y i e l d  v a l u e s  f o r  t he  s p e c t r a l  exoatmospheric i r rad iance .  This, t he  
Langley p l o t  technique, is discussed I n  Chapter 5. For such d a t a  t o  
be  r e l i a b l e ,  t h e  radiometer must be c a l i b r a t e d  t o  an acceptable 
a b s o l u t e  accuracy,  if possible  t o  t h e  1 %  l e v e l .  In addi t ion,  a tempo- 
r a l l y  s t a b l e  and s p a t i a l l y  homogeneous atmosphere is  required.  
Because of t hese  c o n s t r a l n t s ,  w e  have chosen t o  r e l y  on publ i shed .  
d a t a ,  f o r  w e  f e e l  they a r e  more a c c u r a t e  than w e  can p r e s e n t l y  
measure a t  White Sands. 
Published s o l a r  I r radiance d a t a  a r e  f o r  a mean ear th-sun 
d i s t a n c e  of 1 astronomical  uni t ,  vhere  1 AU = 1.496 x 10' km. Varia- 
t i o n s  of this d is tance  throughout t h e  yea r  r e s u l t  i n  va r i a t ions  of 
so la r  i r r ad iance  by as much as 6 . 7 % .  The minimum earth-sun d i s t ance  
I s  about 0.98327 AU, occurring about January 3. The maximum d i s t ance  
of 1.01673 AU occurs  about July 4. Ephemeris t a b l e s ,  such as the  
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American Ephemeris and Nautical Almanac (published year ly) ,  can be 
c o a s u l t e d  f o r  t h e  exact d is tance  for a given day of t h e  year. Con- 
v e r s e l y ,  mathematical  expressions exist from which this d i s t ance  can 
be computed. For example, an express ion  developed by Spencer (1971) 
gives t h e  e c c e n t r i c i t y  of t h e  e a r t h ' s  o r b i t  t o  an e r r o r  of less than 
0.0001. This expression is  
(rdr)' - 1.000110 + 0.34221 c o s r  + 0.001280 s i n r  
+ 0.000719 coe(2r )  + 0.000077 s i n ( 2 r )  . (4.18) 
The parameter I' is c a l l e d  t h e  day angle .  It has u n i t s  of rad ians ,  and 
is  given by 
r - 2 ~ ( d - i ) / 3 6 5  (4.19) 
where d is t h e  day number of t h e  yea r  (d - 1 f o r  January 1; d = 365 
f o r  December 31). 
Seve ra l  s o l a r  i r rad iance  d a t a  sets have been repor ted .  The 
work of Neckel and Labs (1984) is t h e  most de t a i l ed .  They r epor t  a 
mean e r r o r  of 1.5% i n  t h e  uv, and 1 X i n  t h e  v i s ib l e .  These d a t a  a r e  
based upon measurements made e a r l y  i n  t h e  1960s, i n  Swi tzer land ,  a t  
an a l t i t u d e  of 3.6 kni (11,800 f t ) .  The c a l c u l a t i o n  of determining 
mean disk i r r ad iance ,  based upon d isk  c e n t e r  measurements, has  been 
revised from the  1981 publication. In 1974, t h e  American Society f o r  
Testing and Mate r i a l s  (ASTM) accepted t h e  d a t a  repor ted  by Thekaekara, 
Kruger, and Duncan (1969) as its recommended engineering s tandard .  
These d a t a ,  o f t e n  r e f e r r e d  t o  as t h e  NASA/ASTM s t anda rd ,  were 
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obtained from measurements car r ied  out by NASA during the period 
1968-1971 from a Convalr research  aircraft  and are thought t o  be 
accurate only t o  within 5 % .  
Current ly ,  we use in our k n d e a t  c a l i b r a t i o n  program t h e  d a t a  
recommended by Prohl lch (19831, as publlrrhed by Iqbal  (1983). They are 
presented  he re  in Table 4.9. Values such as those  published by Neckel 
and Labs, Thekaekara, Arvesen, and o t h e r s  were combined. They were 
then  ad jus ted  t o  an In tegra ted  va lue  of 1367 W m-*, t h e  s o l a r  cons tan t  
as proposed by the  World Radiation Center (WRC). The World Meteoro- 
l o g i c a l  Organization adopted this spectrum as the  beet  ava i l ab le ,  in 
1981. It is r e f e r r e d  t o  as the WRC standard.  
The s o l a r  cons tan t  defines t h e  t o t a l  amount of i r r ad iance  
from t h e  sun t h a t  f a l l s  a t  t h e  t o p  of t h e  e a r t h ' s  atmosphere a t  i ts  
mean d i s t ance  from the  sun. It is  t h e  value of s p e c t r a l  i r r ad iance ,  
i n t e g r a t e d  over  a l l  vavelengths ,  and measured in u n i t s  such as W m-'. 
The so l a r  output  can be approxlmated by t r e a t i n g  t h e  sun as a black- 
body with peak s p e c t r a l  eldtance near  0.5 vm,  corresponding t o  a 6000 
K blackbody curve. In a c t u a l i t y ,  t h e  e f f e c t i v e  tempera ture  of t h e  sun 
is  wavelength dependent (S la te r ,  1980), and the  t r u e  spectrum is by no 
means smooth a t  high s p e c t r a l  r e so lu t ion  because of Ftaunhofer 
absorpt ion I lnes .  
The solar constant  can be determined with g r e a t e r  c e r t a i n t y  
than  s p e c t r a l  i r r ad iance  values. For high accuracy, measurements from 
high a l t i t u d e  o r  from o r b i t  are inva luab le  s ince atmospheric a t t enua -  
t i on  cannot be e x a c t l y  cor rec ted  f o r .  The a c t u a l  s o l a r  cons tan t  
seems t o  f l u c t u a t e  s l i g h t l y ,  but by only a few t e n t h s  of a percent  
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Table 4.9 Extraterrestrial Solar Spectral Irradiance 
at Mean Sun-Earth Mstance (Wac Spectrum) 
0.250 
0.255 
0.260 
0.265 
0.270 
0.275 
0.280 
0.285 
0.290 
0.295 
0.300 
0.305 
0.310 
0.315 
0.320 
0.325 
0.330 
0.335 
0.340 
0.345 
0.350 
0.355 
0.360 
0.365 
0.370 
0.375 
0.380 
0.385 
0.390 
0.395 
0.400 
0.405 
0.410 
0.415 
0.420 
0.425 
0.430 
0.435 
0.440 
0.445 
0.450 
0.455 
64.56 
91.25 
122.50 
253.75 
275.00 
212.50 
162.50 
286.25 
535.00 
560.00 
527.50 
557.50 
602.51 
705.00 
747.50 
782.50 
997.50 
906.25 
960.00 
877.50 
955.00 
1044.99 
940.00 
1125.01 
1165.00 
1081 . 25 
1210.00 
931.25 
1200.00 
1033.74 
1702.49 
1643.75 
1710.00 
1747.50 
1747.50 
1692.51 
1492.50 
1761.25 
1755.02 
1922.49 
2099.99 
2017.51 
0.460 
0.465 
0.470 
0.475 
0.480 
0.485 
0.490 
0.495 
0.500 
0.505 
0.510 
0.515 
0.520 
0.525 
0.530 
0.535 
0.540 
0.545 
0.550 
0.555 
0.560 
0.565 
0.570 
0.575 
0.580 
0.585 
0.590 
0.595 
0.600 
0.605 
0.610 
0.620 
0.630 
0.640 
0.650 
0.660 
0.670 
0.680 
0.690 
0.700 
0.710 
0.720 
2032.49 
2000.00 
1979.99 
2016.25 
2055.00 
1901.26 
1920.00 
1965.00 
1862.25 
1943.75 
1952.50 
1835.01 
1802.49 
1894.99 
1947.49 
1926.24 
1857.50 
1895.01 
1902.50 
1885.00 
1840.02 
1850.00 
1817.50 
1848.76 
1840.00 
1817.50 
1742.49 
1785.00 
1720.00 
1751.25 
17  i5.00 
1715.00 
1637.50 
1622.50 
1597.50 
1555.00 
1505.00 
1472.50 
1415.02 
1427.50 
1402.50 
1355.00 
0.730 
0.740 
0.7SO 
0.760 
0.770 
0.780 
0.790 
0.800 
0.810 
0.820 
0.830 
0.840 
0.850 
0.860 
0.870 
0.880 
0.890 
0.900 
0.910 
0.920 
0.930 
0.940 
0.950 
0.960 
0.970 
0.980 
0.990 
1.000 
1.050 
1.100 
1.150 
1.200 
1.250 
1.300 
1.350 
1.400 
1.450 
1.500 
1.550 
1 . 600 
1.650 
1.700 
13S5.00 
1300.00 
1272.52 
1222.50 
1187.50 
1195.00 
1142.50 
1144.70 
1113.00 
1070.00 
1041.00 
1019.99 
994.00 
1002.00 
972.00 
966.00 
945.00 
913.00 
876.00 
841.00 
830.00 
801.00 
778.00 
771.00 
764.00 
769.00 
762.00 
743.99 
665.98 
606.04 
551.04 
497.99 
469.99 
436.99 
389.03 
354.03 
3 18.99 
296.99 
273.99 
247.02 
234.02 
215.00 
1.750 
1.800 
1 . 850 
1.900 
1.950 
2.000 
2.100 
2.200 
2.300 
2.400 
2.500 
2.600 
2.700 
2.800 
2.900 
3.000 
3.100 
3.200 
3.300 
3.400 
3.500 
3.600 
3.700 
3.800 
3.900 
4.000 
4.100 
4.200 
4.300 
4.400 
4.500 
4.600 
4.700 
4.800 
4.900 
5.000 
6.000 
7.000 
8.000 
9.000 
10.000 
25.00 
187.00 
170.00 
149.01 
136.01 
126.00 
118.50 
93.00 
74.75 
63.25 
56.50 
48.25 
42.00 
36.50 
32.00 
28.00 
24.75 
21.75 
19.75 
17.25 
15.75 
14.00 
12.75 
11.50 
10.50 
9.50 
8.50 
7.75 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3.75 
3.47 
1.75 
0.95 
0.55 
0.35 
0.20 
0.12 
From Iqbal (1983) 
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over many years. 
v a r i a b i l i t y  t o  be no l a r g e r  than O.2%, al though t h e  average s o l a r  vat-  
I a b U t y  w a s  0.05%. 
1971 aa its design s tandard ,  l a  1353 i 21 W mo*. The WBC s t anda rd ,  
1367 f 2 W moa, d i f f e r s  from t h e  NASA va lue  by only 1 X . The la t te r  
v a l u e  of t h e  s o l a r  cons t an t  has been def ined by Prohl ich (1983) and I s  
based on d a t a  recorded from 1969 t o  1980. It accounts  f o r  many 
changes in t h e  state of the art. For example, only s ince  1975 has It 
been known t h a t  some instrument  c h a r a c t e r i s t i c s  are d i f f e r e n t  In  t h e  
vacuum of space,  as compared t o  terrestrial  c h a r a c t e r i s t i c s .  Further- 
more, r ecen t  measurements employ more accu ra t e  cavity-type abso lu te  
Instruments .  
The Solar Haximum Mission rratelllte measured solar 
The NASA value of t h e  s o l a r  cons t an t ,  adopted in 
t. 
I 
cHAPTER5 
M-FLIGET ABSOLUTE C A L I M U T I O N  METHODOLOGY 
To achieve t h e  absolu te  calibration of t h e  Landsat-TM senso r ,  
measurements are made on t h e  morning of t h e  TM over f l lgh t .  These are 
t h e  measurements needed t o  cha rac t e r i ze  t h e  atmosphere and s u r f  ace 
r e f l e c t a n c e  over  a glven test si te and are used as i n p u t s  t o  t h e  
Herman r a d i a t i v e  t r a n s f e r  code. The ou tpu t  of this code gives us t h e  
rad iance  t h a t  w a s  i nc iden t  at the  e n t r a n c e  pupil  of t h e  TM for each of 
t h e  TM s p e c t r a l  bands. These radiance va lues  are compared t o  t h e  TM 
o u t p u t  digi ta l  counts  from t h e  d e t e c t o r s  t h a t  sampled t h e  radiometri-  
c a l l y  measured ground a r e a ,  t o  y i e ld  the c a l i b r a t i o n  cons tan t .  
This chap te r  gives d e t a i l s  of t h e  f i r s t  two c a l i b r a t i o n s ,  of 
January 3, 1983, and J u l y  8, 1984. As t h e  f i r s t  c a l i b r a t i o n  involved a 
Landsat 4 s e n s o r  and t h e  second a b n d s a t  5 sensor, no in s igh t  can be 
gained a s  t o  t h e  s t a b i l i t y  of t he  TM re spons iv i ty  i n  o r b i t .  The pur- 
pose of t h e s e  ini t ia l  ca l ib ra t ions  ls to def ine  and e v a l u a t e  our i n i -  
t i a l  a n a l y s i s  procedures and es t imate  any l a r g e  changes i n  responsiv- 
i t y  from t h e  pref l l g h t  calibration. 
Data Reduction of Atmospheric Measurements 
The previous chapter  gave a t h e o r e t i c a l  view of t h e  Herman 
r a d i a t i v e  t r a n s f e r  code. Required i n p u t s  are: model r a d i a l  s i z e  dis- 
t r i b u t i o n  (Junge, log normal, o r  t h a t  from an invers ion) ,  d i s t r i b u t i o n  
a d j u s t a b l e  parameters (such as Junge v o r * l o g  normal u), r a d i a l  
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d i s t r i b u t i o n  size Umlts, ae roso l  refractive index (both real and imag- 
ina ry ) ,  s u r f a c e  r e f l e c t a n c e ,  s o l a r  z e n i t h  ang le  a t  t h e  tine of image 
acqu i s i t i on ,  and t h e  o p t i c a l  depths fme, t h y ,  T ~ Z ,  and ra,o. 
these i n p u t s  t h e  o p t i c a l  depth components and Junge v (assuming this 
d i s t r i b u t i o n )  can be determined f tom solar irradiance measurements. 
These d a t a  are acquired throughout t h e  noraing of t h e  overpass. Ini- 
t i a l l y ,  Text I s  determined from t h e  nega t ive  of t h e  s l o p e  of t h e  l o g  
irradiance ve r sus  air mass cume. This is c a l l e d  t h e  Langley tech- 
nique. This and t h e  techniques used t o  e x t r a c t  t h e  component T va lues  
are summarized below. 
Of 
Langley P l o t s  
T o t a l  atmospheric ex t inc t ion  through a ver t ical  p a t h  i n  t h e  
atmosphere can be determined with use of a ground-based s o l a r  radiom- 
e t e r .  The technique is based on t h e  assumption t h a t  t h e  transmission 
of t h e  direct s o l a r  f l u x  can be expressed  from Beer's law 
where E is t h e  t r ansmi t t ed  solar i r r a d i a n c e  a t  wavelength 1, and Eo is 
t h e  s p e c t r a l  i r r ad iance  outside t h e  e a r t h ' s  atmosphere. The s p e c t r a l  
e x t i n c t i o n  o p t i c a l  de2th Text descr ibes  t h e  a t t enua t ion  of s o l a r  f l u x  
a long  a v e r t i c a l  pa th  through t h e  atmosphere,  and t h e  r e l a t i v e  air 
mass rn accounts  f o r  the  s l a n t  pa th  when t h e  sun is a t  a given s o l a r  
zen i th  angle.  The expression is  v a l i d  as long as t h e  absorption is 
unsa tu ra t ed ,  and temporal and s p a t i a l  homogeneity a r e  assumed. 
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After E I s  observed at d i f f e r e n t  times of t h e  morning (hence, 
different air masses), a p l o t  of In E ver sus  m is made. This is 
termed a Langley p l o t  ( langley, 1881). The d a t a  are f i t  t o  a s t r a i g h t  
b e ,  r ep resen ted  by t h e  equation 
of s l o p e  -Text and I n t e r c e p t  E, (at m = 0). 
The o p t i c a l  air mass rn i s  t h e  weighted r a t i o  of t h e  p a t h  
l e n g t h  through t h e  e a r t h ' s  atmosphere toward t h e  sun, divided by t h e  
pa th  l e n g t h  t o  t h e  zenith.  Ln a n a l y t i c  form it is 
P ( S )  ds  IL 
JI 
m -  
o(z) dz 
(5.3) 
Severa l  commonly u s e d  expressions give air mass a s  a function of t he  
s o l a r  zen i th  angle.  To a f i r s t  approxlmatlon It is given by m = s e c  
e,, where 8, is t h e  s o l a r  zenith angle.  For 8, < 60" this express ion  
is good t o  within 0.25%. A t  l a r g e r  ang le s  r e f r a c t i o n  and the  curva- 
t u r e  of t h e  ear th  must be accounted f o r .  More complex expressions 
are then  used. These equations a r e  empir ica l  f i t s  t o  t he  air mass 
va lues  computed using a given d a t a  base f o r  t he  atmospheric dens i ty .  
Kasten (1964) derived one such empir ica l  formula t o  compute air mass 
as a func t ion  of apparent  s o l a r  e l eva t ion  ang le ,  6 ' .  He used t h e  1959 
i 
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ARDC Model Atmosphere (Mnzaer ,  Champion, and Pond, 1959), which w a s  
known t o  84 km. A r e f r a c t i v e  index of n, - 1.000276, t aken  f o r  15'C, 
1013.25 n b a r ,  and X = 0.7 vm, was assumed. This wavelength w a s  
chosen becawe I t  divides  t h e  80lar rpectrum into two p a r t s  of equal  
energy. The d a t a  were f i t  t o  an equat ion of t h e  form 
wi th  a = 0.15, b = 3.885, and c = 1.253. Winker (1980) has compared 
this expression with t w o  others  t h a t  are commonly used: t h e  Kasten 
formula ,  with coe f f i c i en t s  fitting Bemporad's (1907) atmospheric 
sounding d a t a ,  and Bozenberg's (1966) formula m - (cosez  + 0.025 
exp(-11 cos 0,) 1". He computed o p t i c a l  depths  from s o l a r  i r r ad iance  
d a t a  and found d i f f e rences  of less than 0 . 5 % ,  as long as d a t a  from 
l a r g e  s o l a r  zen i th  ang le s  ue re  excluded. For this reason i t  is recom- 
mended t h a t  d a t a  be f i t  on ly  between t h e  Umits 1 - -  < m < 6.5. 
Even i f  d a t a  acquired a t  l a r g e  air masses a r e  excluded, some 
u n c e r t a i n t y  exists in determining Text and E, as a r e s u l t  of temporal  
f l u c t u a t i o n s  of t h e  atmosphere. From Eq. (5.2) it can be shown t h a t  a 
f l u c t u a t i o n  of Text w i l l  r e s u l t  in a change of E, given by 
(A<ln E)( = m  AT^^^ . ( 5 . 5 )  
Thus, random deviat ions of Text w i l l  cause deviat ions of I n  E from a 
s t r a i g h t  l l n e ,  t hese  deviations increas ing  with increas ing  air mass. A 
simple leas t - squares  f i t  to the d a t a ,  a s  is u s u a l l y  used, w i l l  give 
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more weight t o  d a t a  that a r e  l e s s  r e l i a b l e ,  that is, those  a t  a l a r g e r  
air mass. 
To remedy this problem, Young (1974)  and Herman e t  al. (1981) 
have proposed t h a t  t h e  Langley p l o t  d a t a  be weighted during the  re- 
ducrion,  t o  e v e  equal weight t o  all d a t a  points .  
by Herman and coworkers is developed by assuming t h a t  Text varies i n  
a pure ly  random fashion throughout the  period of measurement. This 
weighted l e a s t - s q u a r e s  so lu t ion  is 
The formula derived 
where the  summation is t aken  over N observat ions.  An instantaneous 
o p t i c a l  depth is ca lcu la t ed  f o r  each observat ion 
I n  E, - I n  E, 
mn t n  * 
from which t h e  average o p t i c a l  depth is 'computed 
(5.7) 
This weighting technique should provide more accu ra t e  values  of atmos- 
pher ic  ex t inc t ion  and the  in t e rcep t  E,, provided the re  is not a system- 
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at ic  tempora l  change in Text. 
ing, n e i t h e r  method w i l l  be r e l i ab le .  
On days t h a t  are s y s t e m a t i c a l l y  chang- 
In p r a c t i c e ,  Text is computed from our  solar i r r ad iance  meas- 
urements  using a computer program c a l l e d  LNGPLT.REA. 
eoftvare was w r l t t c n  by Reagan (1983) and was c a l l e d  ATSHRT. 
modified t h e  code t o  process  ephemeris d a t a  t o  t h e  n e a r e s t  second 
(be fo re  d a t a  were t runca ted  t o  t h e  n e a r e s t  minute), modified the  re- 
Initially t h e  
We have 
f r a c t i v e  c o r r e c t i o n  in computing air mass, and genera ted  so f tware  t o  
p l o t  t h e  r e s u l t i n g  Langley plots on a l o c a l  system ( I B M  PC and Hew- 
l e t t  Packard 74708 p l o t t e r ) .  Also, w e  have made ex tens ive  modifica- 
tions t o  run  t h e  code with t h e  never  s o l a r  rad iometer ,  b u i l t  f o r  this 
program under NASA support .  
The code determines a i r  mass from t h e  time of d a y  at which a 
measurement was made. The zenith angle  is f i r s t  determined from t h e  
express ion  
coSez = s i n +  sin6 + cos0 cos6 cos h (5.9) 
where + is t he  observer l a t i t u d e ,  6 t h e  s o l a r  dec l ina t ion ,  and h t h e  
l o c a l  s o l a r  hour angle. A ref t a c t i o n  c o r r e c t i o n ,  ~e (der iva t ion  
unknown), 
0.0001953 e 2  
93.389 - e A8 (5.10) 
is s u b t r a c t e d  from t h e  ephemeris-derived zeni th  angle t o  give the 
appa ren t  zen i th  angle  as seen from t h e  e a r t h ' s  su r f ace .  Kasten's 
113 
The air mass ver sus  I n  E expres s ion  ie t hen  used t o  compute air mass. 
d a t a  are weighted in t h e  manner discussed above. 
Inat rumentotion 
Two solar radiometera,  rhom in Fig. 5.1, are uecd a t  our test 
The f i r s t  instrument is on loan  t o  s i te  t o  acqui re  Langley p l o t  data.  
u s  from Dr. John Reagan, Ikpartment of Electrical and Computer Engi- 
neering. (Actua l ly  one of two a v a i l a b l e  Reagan radiometers is used; 
t h e  ins t rumente  are almost i d e n t i c a l  in construction.)  The pr inc ip les  
of its cons t ruc t ion  are given in Shav e t  al. (1973). Ten narrowband 
s p e c t r a l  f i l t e r s  are used, each 10 nm wide. These i n t e r f e r e n c e  
f i l t e r s  are spaced approldmately uniformly in t h e  v l s i b l e  region 
between 0.4 and 0.8 urn. The radiometer is mounted on a camera t r ipod  
and is manually pointed a t  t he  sun; t h e  f i l t e r  wheel is manually ro- 
t a t e d  through t h e  10 f i l t e r  posit ions,  and d a t a  from t h e  output v o l t -  
meter are manually recorded.. For these  reasons  the  ins t rument  must 
be manned by two people during d a t a  co l l ec t ion .  Before each d a t a  set 
t h e  ins t rument  I s  a u g n e d ,  then cycled through t h e  s p e c t r a l  f i l t e r  
wheel posit ions.  A s t a r t  and finish t i m e  is recorded, along w i t h  t he  
ga in  s e t t i n g s .  A t  l a r g e  air masses, d a t a  a r e  recorded every  minute o r  
two, decreasing t o  about one data set every  15 minutes toward noon. 
It t a k e s  approldmately 30 seconds t o  cyc le  through t h e  f i l t e r  wheel 
and record  a l l  data.  Approximately 100 d a t a  sets (each w i t h  d a t a  
from t h e  10 f i l t e r  pos i t ions)  a r e  recorded. 
For t h e  January 3 ca l ib ra t ion ,  t h e  Reagan radiometer was t h e  
(I a 
on ly  instrument a v a i l a b l e  t o  us. The Reagan ins t rument  is st i l l  used 
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Plgrrrc 5.1 Beagam solar radiometer and Castle spcctropo- 
laximeter. 
Hanually operated Reagan instrument is t o  the 
left, automated spectropolarimeter t o  the 
right. 
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on all observa t ions ,  88 it is r e l i a b l e  and a l l o w s  us t o  collect back- 
up d a t a  should  t h e r e  be problems with t h e  newer automated s o l a r  
rad iometer  . 
By t h e  July 8, 1984, ca l ib ra t ion ,  an automated in s t rumen t ,  t h e  
Castle spec t ropo la r ime te r ,  had been built. (Two ins t rumen t s  were 
a c t u a l l y  b u i l t ,  one t o  be used in a s o l a r  radiometer mode, t h e  o t h e r  
t o  r eco rd  d a t a  from h e l l c o p t e r  a l t i t u d e s  f o r  v e r i f i c a t i o n  of our tech- 
niques.) This instrument is also shown i n  Fig. 5.1, and d e t a i l s  of its 
des ign  are given in Castle (1985). 
i c o n  d e t e c t o r  is used, a long  with 10 s p e c t r a l  f i l t e r s .  Although t h e  
f i l t e r  wavelengths are s l l g h t l y  d i f f e r e n t  from those  of t h e  Reagan 
rad iometer ,  t h e  p r inc ip l e s  used i n  t h e i r  s e l e c t i o n  a r e  t h e  same. The 
Castle ins t rument  is con t ro l l ed  by a TRS-80 Model 100 computer. It 
For t h e  v i s i b l e  measurements a sil- 
a u t o m a t i c a l l y  t r a c k s  t h e  sun, cyc le s  through t h e  f i l t e r  se t ,  and re- 
c o r d s  da t a .  To inc rease  t h e  dynamic range of t h e  in s t rumen t ,  one of 
f o u r  n e u t r a l  dens i ty  f i l t e r s  is au tomat i ca l ly  positioned. Data are 
recorded  i n  orthogonal po la r i za t ions ;  i t  is hoped t h a t  this polar iza-  
t i o n  d a t a  w i l l  be ugefu l  i n  the f u t u r e  t o  assist i n  t he  cha rac t e r i za -  
t i o n  of atmospheric ae roso l s .  
To determine o p t i c a l  depths,  an abso lu te  c a l i b r a t i o n  of t h e  
s o l a r  rad iometers  is not required. The Cas t l e  spec t ropo la r ime te r s  a r e  
c a l i b r a t e d  i n  an abso lu te  sense, however, so t h a t  they may be used i n  
t h e  h e l i c o p t e r  mode of operation where t h e  measured upwelling radi-  
ance is compared t o  pred ic ted  radiances.  Whether o r  not t h e  i n s t r u -  
ments are c a l l b r a t e d ,  it is  recommended (Reagan e t  a l . ,  1984) t h a t  an 
a c c u r a t e  measure of V, be obtained ( t h e  vol tage  i n t e r c e p t ,  V,, obtained 
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f rom the Langley p l o t  ex t rapola ted  t o  ze ro  sir mass). Thie allows 
t h e  ins tan taneous  o p t i c a l  depth t o  be determined wlth g r e a t e r  accu- 
racy. 
voltages from measurements made on clear, o t a b l e  days,  a t  clean 
observa t ion  rites. 
this fash ion  is less than  a few t e n t h s  of a percent.  Instrument call- 
b r a t i o n  is found t o  be s t a b l e  over a period of months t o  a year.  
The method f o r  determining V, 1s t o  determlne t h e  zero air mass 
It 1s est imated that t h e  e r r o r  in measuring V, In 
Optical Depth Components 
The ex t inc t ion  o p t i c a l  depth,  Text, I s  composed of t h r e e  
components 
Text 'Me + 'Ray + Tabs 9 (5.11) 
as discussed In Chapter 2. Each has a wavelength dependence. The 
component Tabs I s  in t u r n  a t t r i b u t e d  t o  ozone, water vapor, carbon 
dloldde, and o t h e r  absorbing gases. The Rayleigh component Is most 
e a s i l y  charac te r ized ,  having the p re s su re  and wavelength dependence 
given in Eq. (3.40). Me op t i ca l  depths  are determined by sub t r ac t ing  
t h e  component from t h e  t o t a l  o p t i c a l  depth,  a t  wavelengths out-  
s i d e  t h e  Chappius ozone band and water  vapor absorpt ion regions. By 
f i t t i n g  these  discrete poin ts  t o  a curve,  one can def ine  the complete 
Tme ver sus  wavelength dependence. Fol lovlng King and Byrne ( 197 6),  
this curve is defined a s  
with t he  ad jus tab le  cons tan ts  a,, a,,  and a, determined from a 
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l e a s t - s q u a r e s  f i t  t o  t h e  da ta .  
l e  then  determined from fOz = Text - T h y  - 
madmum ozone absorpt ion,  among8 t those  wavelengths covered by t h e  
solar radiometer. The s p e c t r a l  dependence of T~~ f o l l o w s  from this 
information and a knowledge of the ozone absorpt ion coef f ic ien t .  
The ozone component of o p t i c a l  depth  
a t  t h e  wavelength of 
In t h e  ca l ib ra t ions  reviewed he re ,  a Junge radial size distri- 
but ion is assumed. For the  January 1983 ca l ib ra t ion ,  t h e  model param- 
eter v = 2.5 w a s  used t o  cha rac t e r i ze  the p a r t i c l e  size versus  radius  
s l o p e  ( see  E q .  (4.4)). By July 1984 our  procedure had changed. The 
Junge v parameter  was then determined from the  s lope  of t h e  log TMe 
ve r sus  log X curve.  Eventually,  w e  hope t o  explore  the  use of inver- 
sion techniques in determining radial s ize  d i s t r ibu t ions  (King e t  a l . ,  
1978). 
In t h e  two ca l ibra t ions  r epor t ed  here ,  T H ~ O  i s  determined from 
a knovledge of t h e  r e l a t i v e  humidity and temperature  during the time 
of the  Landsat overpass.  These q u a n t i t i e s  a r e  used t o  s c a l e  TH,O, as 
predicted from LOW= and t h e  U.S. Standard Atmosphere. (Further  
d e t a i l s . o f  t h e  procedure a r e  given in Chapter 4.) In f u t u r e  ca l ibra-  
t i o n s  t h e  Castle spec t ropolar imeter  w i l l  be equipped with a spectral 
f i l t e r  matched t o  TM band 5. Thus t h e  water  vapor op t i ca l  depth can 
be measured d i r e c t l y .  
Test S i t  e Se lec t ion  
We s e l e c t e d  the  f l a t  gypsum a r e a  within the  White Sands Mis- 
s i l e  Range, New Mexico, as our primary t e s t  s i t e .  The gypsum sand 
a r e a  covers an  a r e a  of 30 x 30 km, and i t s  uniformity and Lambertian 
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c h a r a c t e r i s t i c s  aid In t h e  cha rac t e r i za t ion  of t h e  s u r f a c e  r e f l e c t a n c e .  
i 
i 
White Sands is a t  an  e l e v a t i o n  of about 1219 a (4000 f t )  and has many 
clear days in which aerosol loading fa low, t hus  reducing the uncer- 
t a i n t i e s  that r e s u l t  from e r r o r s  in cha rac t e r i z ing  a e r o s o l  p rope r t i e s .  
&cause of t h e  high r e f l e c t a n c e  of t h e  sands,  a l a r g e  component of 
t h e  radiance viewed by Landsat is due t o  direct r e f l e c t i o n .  This 
reduces t h e  e r r o r s  in accounting f o r  mul t ip l e  s c a t t e r i n g  e f f e c t s .  
Finally, by s e l e c t i n g  thia area ,  w e  have t h e  support  of t h e  U.S. 
Army's Atmospheric Science Laboratory (ASL). This l a b  can provide 
meteorological d a t a ,  such as site r e l a t i v e  humidity and tempera ture  
d a t a ,  and has  provided radiosonde d a t a  upon reques t .  
The equipment used t o  Characterize t h e  gypsum r e f l e c t a n c e  has 
been a Barnes modular m u l t i s p e c t r a l  radiometer (MMR). Readings a r e  
t aken  a t  t h e  p ixe l  c e n t e r s  of a 4 x 4 p i x e l  test area (each p ixe l  
being 30 m on a side).  In ca l ib ra t ions  fo l lowing  t h a t  of J u l y  1984, 
t h e  ase of h e l l c o p t e r  photography has  been inves t iga t ed  (Capron, 1985) 
i n  order  t o  b e t t e r  charac te r ize  an  extended a r e a  of t h e  t e s t  s i t e .  
Future p l ans  c a l l  f o r  t h e  angular  d i s t r i b u t i o n  of r e f l e c t a n c e  t o  be 
measured a t  t h e  site. 
Reflectance 
The nomenclature, measuring geometry, and techniques associ-  
a t e d  with determining t h e  r e f l e c t a n c e  of a given s u r f a c e  a r e  qu i t e  
varied. With this i n  mind, t h e  t e c h n i c a l  bas i s  of our measurements a t  
White Sands is presented  here.  Because w e  are i n t e r e s t e d  i n  t h e  
d i r e c t i o n a l  p r o p e r t i e s ,  as w e l l  as t h e  magnitude, of t h e  r e f l e c t a n c e  
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a t  t h e  f i e l d  site, w e  determine t h e  r e f l e c t a n c e  f ac to r .  Ref lec tance  
f a c t o r  and o t h e r  quan t i t i e s  a re  def ined below. A s p e c t r a l  dependence 
Fa assumed f o r  each quant i ty .  All of our  r e f l e c t a n c e  measurements 
are made with flnite r p e c t r a l  bandwldthr. 
4 h m  bandwidths of a l abo ra to ry  radiometer ,  o r  those bandwidths 
a s soc ia t ed  with the  Thematic Mapper and t h e  Barnes modular multispec- 
These are, in genera l ,  the 
t ra l  radiometer.  
Definit ions and Nomenclature 
Reflectance f a c t o r ,  R ( e , + ; e  , o f ) ,  u n i t l e s s :  Ratio of t h e  f l u x  
r e f l e c t e d  by a sample su r face  t o  t h a t  which would be r e f l e c t e d  i n t o  
the  same beam geometry by a l o s s l e s s ,  b m b e r t i a n  sur face  t h a t  is 
i d e n t i c a l l y  i r r a d i a t e d .  Thus, 
I I F O V  
R( e, 4; e', 0'1 - (5.13) 
$(e' ,$ ' )  cose '  s i n e '  d e '  d g '  
I E O V  
is the  r e f l e c t a n c e  f a c t o r  measured w i t h  a d e t e c t o r  having a given in-  
s tan taneous  f i e l d  of view (LFOV). Lt is t h e  radiance r e f l e c t e d  off t he  
sample t a r g e t ,  and Lp is the  radiance r e f l e c t e d  of f  a p e r f e c t  ( l o s s -  
less), d i f fuse  sur face .  The incident beam or ig ina tes  from (e,.+), and 
the  r e f l e c t e d  beam is viewed in t h e  d i r e c t i o n  (e ' , # ' ) .  
Reflectance,  p, uni t less :  Ratio of t h e  r e f l e c t e d  f l u x  t o  the  
When r e fe r r ing  t o  this parameter  one needs t o  spec i fy  inc ident  f lux .  
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if t h e  f l u x  is i n t e g r a t e d  over t h e  r e f l e c t i n g  hemisphere, or lf t h e  
r e f l e c t e d  f l u x  is measured within a given cone angle. The hemispheri- 
c a l  reflectance can be r e l a t e d  t o  t h e  reflectance f a c t o r  by 
(5.14) 
where E is t h e  Inc ident  I r rad iance ,  g e n e r a l l y  from a w e l l  co l l imated  
beam. It I s  computed from 
(5.15) 
Note t h a t  t h e  i n t e g r a t i o n  is over t h e  s o l i d  angle  dw = s ine  de d$ .  
Bid i rec t iona l  r e f l e c t a n c e  d i s t r i b u t i o n  func t ion  (BRDF), f ,  in 
sr-': The r a t i o  of t h e  radiance r e f l e c t e d  i n  t h e  d i r ec t ion  ( e ' , $ ' )  t o  
t h e  t o t a l  I r r ad iance  on the  sur face  from t h e  d i r e c t i o n  (e ,+>:  
The quan t i ty  R(9,+;2n)  I s  equiva len t  t o  p. The 2 n  denotes  
t h a t  t h e  r e f l e c t a n c e  f a c t o r  has been i n t e g r a t e d  over a hemisphere. 
R( e;d), or R( B/d), I s  an equivalent desc r ip t ion ,  t h e  "d" denoting t h a t  
t h e  d i f f u s e  component of r e f l e c t a n c e  has been included. Even when an 
i n t e g r a t i o n  is not implied,  the symbols 4 and 0 '  a r e  o f t e n  dropped f o r  
s impl i c i ty  (as is t r u e  f o r  any of t h e  above parameters).  
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Choice of t h e  Bef l ec t ance  Factor 
In c a l i b r a t i n g  t h e  TM we are i n t e r e s t e d  in knoving t h e  radi- 
ance r e f l e c t e d  from t h e  m e u m  sands  i n t o  a number of diacrete 
angles. 
r a d i a t i o n  t o  be a c c u r a t e l y  characterized. A complete BRDF meaaure- 
ment is, however, bo th  time-coasuming and d i f f i c u l t  t o  measure. The 
This allove both the d i r e c t l y  and d i f f u s e l y  r e f l e c t e d  s o l a r  
equipment requi red  is r e l a t i v e l y  complex, and ' t h e r e  are dlf f i c u l t i e s  
a s s o c i a t e d  v i t h  measuring t h e  inc iden t  i r rad iance .  Ins tead  w e  have 
chosen t o  characterize t h e  gypsum by t h e  r e f l e c t a n c e  f a c t o r  R( ez;Oo). 
This a c c u r a t e l y  desc r ibes  t h e  f l u x  t h a t  is d i r e c t l y  r e f l e c t e d  toward 
t h e  h n d s a t  sensor .  As t h e  gypsum sands are not  t r u l y  Lambertian, 
some e r r o r  is i ncu r red  in not computing t h e  f u l l  BRDF. Without t h e  
BRDF d a t a ,  a Lambertian sur face  is assumed. Thus an overes t imate  is 
made in t h e  radiance no t  d i r e c t l y  r e f l e c t e d  toward t h e  TM. Owing t o  
a tmospher ic  s c a r t e r i n g  i n  t h e  atmosphere, some of this f l u x  even tua l ly  
reaches  t h e  sensors .  This is t h e  d i f f u s e  component of t h e  radiance. 
The e r r o r  made in pred ic t ing  this term inc reases  w i t h  increased  multi-  
p l e  s c a t t e r i n g  and -with depar ture  from Lambertian behavior. 
t h e  use of the  r e f l e c t a n c e  f a c t o r  is j u s t i f i e d  because t h e  radiance 
received a t  t h e  TM is dominated by t h e  d i r e c t  component, and mul t ip l e  
s c a t t e r i n g  is small f o r  clear atmospheric conditions.  
Even so, 
Cal ibra t ing  t h e  Field Reference 
The r e f l e c t a n c e  f ac to r  is measured with r e spec t  t o  a r e f e r -  
ence panel  t h a t  is ca l ib ra t ed  i n  t h e  l a b o r a t o r y  to account f o r  i t s  
nonideal c h a r a c t e r i s t i c s .  The c a l i b r a t i o n  procedure is  b r i e f l y  
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descr ibed  in t h e  f o l l o w h g  paragraphs. Here a development of t h e  
equat ions  used in t h e  t w o i t c p  c a l i b r a t i o n  procedure is given. 
To begin, it ie a r runed  t h a t  a l a b o r a t o r y  s tandard  is avail- 
We used a 5O-mm-diancter Ealoa (680) diac procured from East- ab le .  
man Kodak and subsequent ly  ca l ib ra t ed  by t h e  National Bureau of 
S tandards  (NBS) f o r  R~s(45';O'). The f i c t i o n a l  parameter VP(45';O0) I S  
thereby  computed: 
vP 
This is t h e  vo l t age  t h a t  would have been measured had a un i t  r e f l e c -  
t ance  Lambertian surf a c e  been present .  
Using t h e  above, the r e f l e c t a n c e  f a c t o r  of t he  r e fe rence  p a n e l  
I s  found f o r  t h e  same geometry: 
(5.18) 
In t h e  next phase of ca l ib ra t ion ,  t h e  r e f l e c t a n c e  f a c t o r  meas- 
urements a r e  made a t  t h e  angle of i n t e r e s t ,  8 .  For the  i d e a l  Lamber- 
t i a n  su r face  t h e  d e t e c t o r  response a t  ang le  8 is easily predic ted  from 
t h e  response a t  45". Such a sur face  r e f l e c t s  radiance uniformly i n t o  
t h e  upper hemisphere, thereby  r e f l e c t i n g  a f a c t o r  of l / n  of t h e  inc i -  
dent i r rad iance .  Thus, f o r  this p e r f e c t  ( p  = 1) Lambertian s u r f a c e ,  
Vms ( 4 5" ; 0') 
RNBs(45';0'5 
5";O") = (5.17) 
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i l l u m i n a t e d  wi th  a beam of irradiance E(e) ,  t h e  following r e l a t l o n -  
ships hold: 
Vp(4So;O0) 9 C E(45') P/K 0 C El  COS45'/~ ( 5 .  19) 
(5.20) 
The d e t e c t o r  is assumed t o  have a given response C t o  t h e  incoming 
radiance.  
&ef(e;Oo), t o  p i e ld  t h e  final, des i r ed  r e s u l t :  
This l a t t e r  r e s u l t  I s  now s u b s t i t u t e d  i n t o  t h e  equation f o r  
(5.21) 
Calibration of January 3, 1983 
This s e c t i o n  describes t h e  f i r s t  c a l i b r a t i o n  of a Iandsa t  sen- 
sor, using t h e  ground-based measurement techniques discussed above. 
Measurements were made j u s t  months a f t e r  our c o n t r a c t  was i n i t i a t e d .  
The c a l i b r a t i o n  i s  of t h e  Landsat-4 TM. Unfortunately,  no f u r t h e r  
c a l i b r a t i o n s  of this sensor  were made. No imagery was recorded over  
o u r  Uhite Sands 
severe problems 
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tes t  si te after January 3, as t h e  s p a c e c r a f t  developed 
in t h e  solar panels and d a t a  telemetry. The follow- 
i n g  paragraphs are from Castle e t  al. (1984) ,  which r e p o r t s  t h e  
d e t a i l s  of this ca l lb ra t ion .  Data were taken a t  Cherry site, l o c a t e d  
j u s t  s o u t h  of Northrup s tr ip .  
Determination of S p e c t r a l  Radiance a t  t h e  TM 
f rom Site Measurements 
On January 3, 1983, an 80-mm l a y e r  of two-day-old snow cov- 
e r e d  t h e  f l a t  gypsum s u r f a c e  a t  t h e  White Sands Missile Range. The 
r e f l e c t a n c e  of t h e  snow was measured by r e fe rence  t o  a 1.2 x 1.2-m 
barium s u l f a t e  pane l  using a Barnes modular m u l t i s p e c t r a l  8-channel 
rad iometer  (Model 12-lOOO), which c o l l e c t e d  rad ian t  f l u x  simultane- 
o u s l y  i n  a l l  t h e  TM s p e c t r a l  bands over a t o t a l  f i e l d  angle of 15'. 
The in s t rumen t  was mounted on a r o t a t a b l e  boom 2.5 m above the  snow 
0 
t o  a l l o w  an average radiance va lue  t o  be determined f o r  an a r e a  of 
about 0.5 x 0.5 m. The measurements were made a t  1708 GMT, coincid- 
ing with t h e  overpass of t h e  TM. The s o l a r  zen i th  angle was 62.8'. 
With t h e  radiance of t h e  bar ium s u l f a t e  panel a t  62.8' a s  a r e f e r e n c e ,  
t h e  r e f l e c t a n c e  of t h e  snow i n  TM bands 1 t o  4 was found to be 0.769, 
0.761, 0.756, and 0.732, respec t ive ly ,  wi th  an rms unce r t a in ty  of 20.02 
I n  a l l  cases. 
After t h e  TM overpass, hand-held Exotech radiometer measure- 
m e n t s  were made a t  t h e  pixel c e n t e r s  of a 4 x 4 pixe l  a r e a  on t h e  
snow (p ixe l  s ize  30 X 30 m )  t o  check for s ign i f i can t  d i f f e rences  from 
t h e  Barnes radiometer da ta .  Variations between t h e  Barnes and the  
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Exotech d a t a  were s m a l l  and were a t t r i b u t e d  t o  va r i a t ions  Introduced 
by t h e  Exotech measurement technique r a t h e r  than t o  va r i a t ions  tn t h e  
m o v  r e f l e c t a n c e .  The 4 x 4 pixe l  area was later found t o  be at  an 
a n g l e  t o  t h e  8can l i n e s ;  ao a result, t h e  ind iv idua l  d e t e c t o r s  obtained 
d i f f e r e n t  numbers of samples (see Table 5.6, page 131). By reference 
t o  an accese  road and nearby f rozen  water s u r f a c e s  w e  were a b l e  t o  
a c c u r a t e l y  l o c a t e  t h e  known r e f l e c t a n c e  area on t h e  TM imagery. 
A o o l a r  rad iometer  (Shaw e t  ale, 1973) with nine loam-wide 
s p e c t r a l  bands in t h e  v i s i b l e  and nea r  IR was used t o  determine t h e  
t o t a l  s p e c t r a l  o p t i c a l  depths  Text a t  t h e s e  nine wavelengths. The 
meaeured barometr ic  pressure of 889.5 mbar allowed the  Bayleigh spec- 
t r a l  o p t i c a l  depth f b y  t o  be determined. 
and ozone s p e c t r a l  o p t i c a l  depths (King and Byrne, 1976) were derived. 
From these  d a t a  t h e  Mie 
h TM bands 1, 2, and 3, t h e  Tabs (molecular absorp t ion)  
component of Text is due e n t i r e l y  to ozone. In band 4, water  vapor 
and CO, predominare. Their e f f e c t s  are included i n  Table 5.1, which 
l ists  t h e  va lues  f o r  t h e  various atmospheric components i n  bands 1 
through 4. 
Table 5.1 January 3 Opt ica l  Depth Components 
a t  TM Midband Wavelengths 
Band Xc(rrm) ‘ e x t  T M i e  THay Tabs 
1 0.485 0.291 0.148 0.142 0.001 
2 0.57 0.218 0.138 0.074 0.006 
3 0.66 0.172 0.128 0.041 0.003 
4 0.84 0,134 0.110 0.015 0.009 
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Because of the l imi ta t ions  of t h e  ins t ruments  used in this 
c a l i b r a t i o n ,  Tabs in band 4 due t o  water vapor and CO, could not  be 
measured. Ins tead ,  the LOUTRAN code (bcizps et  al., 1980) vas used 
to compute t h e  water vapor and CO, t r ansmi t t ances  across band 4 at 
5 cm-1 intervals. The water vapor t ransmi t tance  was sca l ed ,  t o  
account f o r  t h e  44% r e l a t i v e  humldlty measured at  White Sands on Jan- 
uary 3, then  averaged t o  f ind TB,O+CO,. The e f f e c t  of an e r r o r  i n  this 
estimate can be judged by noting t h a t  t h e  inc lus ion  of water  vapor and 
CO, lowered t h e  predicted radiance l e v e l  a t  the  TH by only 2%. 
The d a t a  In Table 5.1 and t h e  r e f l e c t a n c e  va lues  quoted above 
were used as i npu t s  t o  t h e  Herman rad ia t ive  t r a n s f e r  code. In using 
t h e  code, t he  atmosphere is divided i n t o  a s u f f i c i e n t  number of plane- 
p a r a l l e l  l a y e r s  such t h a t  changes i n  radiance within each l a y e r  a r e  
due only t o  s i n g l e  s c a t t e r i n g  processes .  The Gauss-Seidel i t e r a t i v e  
technique is used t o  so lve  the equation of r ad ia t ive  t r a n s f e r .  Upon 
convergence, all mult ip le  s c a t t e r i n g  e f f e c t s  have been taken I n t o  
account,  
sols. A value of 2.5 was assumed i n  t h e  equation for r a d i a l  distri- 
bution 
A Junge r a d i a l  size d i s t r ibu t ion  was assumed f o r  t he  aero- 
dN - (v+ l )  - - Cr dr (5.22) 
where r is the  ae roso l  radius. Values of 5.02, 0.02, and 0.04 urn were 
used f o r  t h e  m a l d m u m  and minimum radii and incremental  s t e p  s i z e ,  
r e spec t ive ly ,  f o r  the aerosols .  
index of 1.54-0.011 and assumed t o  have a v e r t i c a l  d i s t r ibu t ion  as 
measured by Elterman (1966). 
The ae roso l s  were given a refractive 
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The fo l lowing  quant i t ies  were c a l c u l a t e d  by t he  code. Their 
va lues  are U s t e d  in Table 5.2. 
ED,& The downward d i r ec t  s o l a r  I r rad iance  at  t h e  ground is E, 
coe8, * exp(-Text secOZ), where El is t h e  exoatmospheric 
s o l a r  I r r ad iance  and ez I s  t h e  s o l a r  zen i th  angle.  
ED,= The downward d i f fuse  s o l a r  I r rad iance  a t  t h e  ground. 
LU,mr The upward direct radiance a t  t h e  TM is (ED,mr+ED,Mf) * 
exp(-.rext sec5') p l r .  
Lu,p 
LT 
The upward path radiance a t  the  TM is L T - L U , ~ ~ .  
The t o t a l  radiance a t  the  TM a t  a 5" nadir  angle .  
Table 5.2 Radiative Transfer  Code Output 
So la r  
zeni th  ED,Mr ED,Dlf LU,Dlr LU,P LT 
Band angle  E, EO EO EO E, 
- -
-~ 
1 55" 
65" 
2 55" 
6 5" 
3 55" 
65" 
4 5 5 O  
65" 
0.345 
0.212 
0.392 
0.253 
0.425 
0.282 
0.454 
0.308 
0.185 
0.152 
0.145 
0.122 
0.122 
0.104 
0.095 
0.082 
0.097 
0.067 
0.105 
0.073 
0.111 
0.078 
0.112 
0.079 
0.033 
0.025 
0.024 
0.019 
0.019 
0.015 
0.014 
0.011 
0.130 
0.092 
0.129 
0.092 
0.130 
0.093 
0.126 
0.090 
- - ~~ 
Data a r e  normalized to  u n i t y  exoatmospheric s o l a r  
I r radiance.  
Values f o r  t h e  exoatmospheric i r r ad iances  within t h e  TM passbands,  Eo, 
were found by evalua t ing  
(5.23) 
I 
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where d = 0.983 as t ronomica l  u n i t s  f o r  January 3, 1, and ; x t  are t h e  
wavelength  U d t s  of t h e  TM passbands 88 determined by using t h e  
equivalent passband technique of Palmer and Tooasko (1980), and EtX is 
t h e  exoatmospherlc solar s p e c t r a l  i r r a d i a n c e  d a t a  of Neckel and Labs 
(1981). The i n t e g r a t i o n  was carried o u t  using 2- t o  l O a m  intervals 
as d i c t a t e d  by t h e  reso lu t ion  of t h e  Neckel and Labs data .  The 
requi red  va lues  of LT/E, f o r  t h e  center wavelength of each band and 
t h e  solar zen i th  ang le  of 62.8' vere found by I n t e r p o l a t i n g  between 
t h e  55' and 65' radiative t r a n s f e r  code d a t a  fn Table 5.2. These, when 
rnul t ip l led  by t h e i r  corresponding E, va lues ,  gave the  radiances in 
mW em' 8r-l In t h e  TM passbands l i s t e d  in Table 5.3. (An error of 
l ess  t h a n  1% is introduced using t h e  va lue  a t  t h e  cen te r  wavelength 
of each band ins t ead  of evaluating 
(5.24) 
where & ( a )  I s  t h e  output as a func t ion  of wavelength from the radia- 
t i v e  t r a n s f e r  code, as given by LT/E, I n  Tab le  5.2.) 
Table 5.3 Exoatmospheric I r rad iance  and t h e  Band-Integrated 
Radiance a t  the TM As Determined from S i t e  Measurements 
~~ 
Equivalent TM Wavelength EO LT 
Band bandwidths (urn) limits (urn) (mu cm-') (mW cm" sr-l) 
~~~ ~~ 
1 0.07 15 0.4503-0.5218 14.4 1.45 
2 0.0887 0.5269-0.6156 16.6 1.66 
3 0.077 1 0.6213-0.6984 12.3 1.25 
4 0.1349 0.7719-0.9068 14.7 1.44 
I 
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Radiance a t  t h e  TM from Image M g i t a l  Counts 
and System Cal ibra t ion  Data 
The next s t ep  In t h e  c a l i b r a t i o n  procedure i s  t o  determine 
fron p r e f l i g h t  and in- f l igh t  lnternal c a l l b r a t i o n  da ta .  
o u r  site on t h e  Landeat image, we determined which d e t e c t o r s  scanned 
t h e  area and in what o rde r ,  and how many samples each c o l l e c t e d .  The 
s i t e  w a s  scanned from nor th  t o  s o u t h  by d e t e c t o r s  3, 2, 1, 16, and 15, 
in t h a t  order.  They c o l l e c t e d  1, 3, 5,  4, and 2 samples, respec t ive ly .  
We found t h e  average digital count f o r  each d e t e c t o r ,  using o f f s e t  and 
gain v a l u e s  r epor t ed  by Barker et  al. (198Sb), then  c a l c u l a t e d  t h e  
average  s p e c t r a l  radiance LT = (average count - of f se t ) /ga in .  
(Throughout this r e p o r t ,  s p e c t r a l  radiances are r e f e r r e d  t o  the  TM 
e n t r a n c e  pupil.) These s p e c t r a l  rad iances  were mul t ip l ied  by t h e  
number of samples f o r  each de tec to r .  The r e s u l t a n t  products were 
added and then divided by the  t o t a l  number of samples,  15. Thus w e  
der ived  a va lue  f o r  t h e  average s p e c t r a l  radiance of our s i t e  as meas- 
ured by t h e  TM, p ropor t iona l ly  weighted according t o  t h e  number of 
samples  pe r  de t ec to r .  
average  s p e c t r a l  radiance per band was mul t ip l ied  by t h e  equiva len t  
bandwidth t o  provide t h e  weighted average radiance i n  each band, as 
By i den t i fy ing  
These va lues  are l i s t e d  i n  Table 5.4. Then t h e  
shown i n  column B of Table 5.5.  
Barker e t  al. (1985a) have r epor t ed  t h a t  t h e  TM i n t e r n a l  Cali- 
b r a t o r ,  used In  f l i g h t ,  ind ica tes  t h a t  t h e  response of TM bands 1 
through 4 has s lowly  decreased with time during t h e  period July- 
December 1982. We have used t h e s e  d a t a  t o  modify the  prelaunch 
c a l i b r a t i o n  da ta .  These modified va lues  a r e  l i s t e d  i n  column C of 
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Table 5.4 Average Counts and S p e c t r a l  Radiances (nW cm" 8r-l urn') 
f o r  Five Detectors As Calcula ted  from Prefllght Cal ib ra t ion  Dnta 
Band 2 Band 3 Band 4 
Average Average Average 
Average r p e c t r a l  Average s p e c t r a l  Average s p e c t r a l  
D e t e c t o r  count radiance count  rad iance  count rad iance  
3 139.0 17.04 165.0 15.40 133.0 11.89 
2 143.7 17.42 169.7 15.86 132.0 12.02 
1 146.2 17.52 171.6 15.73 134.2 . 12.00 
16 141.5 17.43 167.8 15.85 132.0 12.01 
15 147.5 17.65 172.5 15.88 131.5 12.05 
Weighted 
average 17.46 15.78 12.01 
Table 5.5 Comparison of TM Band Radiances (mu cm' sr-l) 
f o r  Data of January 3, 1983 
Column Column Column (A - B)/A, ( A - C ) / A ,  
Band A B C x x 
2 1.66 1.55 1.50 6.6 9.8 
3 1.25 1.22 1.16 2.4 7.2 
4 1.44 1.62 1.57 -12.9 -9.6 
Column A e v e s  t h e  radiance l e v e l s  a t  t h e  TM as derived 
from ground and atmospheric  measurements a t  White 
Sands on January  3, 1983, and t h e  use  of an atmos- 
pher ic  r a d i a t i v e  t r a n s f e r  program (see Table  5.3). 
Column B gives  t h e  weighted average  radiance i n  each pass- 
band (mu cm" 5r-l) as determined from TM image d a t a  
of our  White Sands s i t e  i n  conjunction wi th  p re - f l i gh t  
c a l i b r a t i o n  d a t a .  
change in response  sugges ted  by t h e  i n t e r n a l  c a l i b r a -  
t o r  d a t a  of December 8, 1982. 
Column C gives t h e  values i n  column B as modified by the 
Table 5.5. Wth r c s p e c i  t o  this 
the internal c a l i b r a t o r  compares 
13 1 
decrease  in response,  w e  note that 
the  responses of only the  TM f i l t e r s ,  
d e t e c t o r s ,  and e l e c t r o n i c s  t o  seven d i f f e r e n t  i r r ad iance  l e v e l s ;  it 
doca no t  measure any change in t r an rmi t t ance  of t h e  fnage-forming 
system. 
o r  p a r t l y  due t o  a change in the output  of t he  i n t e r n a l  c a l i b r a t o r .  
It is a l s o  possible that the decrease in response I s  wholly 
Because of t h e  small number of samples c o l l e c t e d  over t h e  
test site and t h e  s m a l l  variat ion in t h e  digltal counts recorded by 
each  d e t e c t o r  in each band, t h e  most meaningful way t o  summarize the 
results of the c a l i b r a t i o n  is t o  list the  individual  counts  f o r  each 
d e t e c t o r  and t h e  radiance in each band, as shown i n  Table 5.6. Note 
Table S.6 Digital  Counts f o r  Each Detector That Sampled 
t h e  Ground S i t e ,  and the  Radiance a t  t h e  TM Determined 
from t he  Measurements a t  White Sands 
Detector No. Radiance a t  TM 
3 2 1 16 15 (mW cm" sr-') 
Band 2 139 143 147 141 147 1.66 
144 146 141 148 
143 145 141 
147 143 
146 
Band 3 165 170 172 167 172 
169 172 167 172 
170 171 168 
171 169 
172 
Band 4 133 132 134 133 130 
131 134 131 133 
133 134 131 
134 133 
135 
1.25 
1.44 
t 
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t h a t  vhereas t h e r e  are s ign i f i can t  d e t e c t o r - t o d e t e c t o r  va r l a t lons  
vithin a band, t h e  variations fo r  a G v e n  d e t e c t o r  are coneis ten t  with 
the expected uncertdoty in t h e  ou tput  of t h e  a n a l o g - t o d i g i t a l  con- 
verter f o r  a cons tan t  input analog signal. 
Extension of Cal ibra t ion  t o  Othe r  De tec to r s  
To extend t h e  c a l i b r a t i o n  of the f i v e  d e t e c t o r s  in each band 
t o  a l l  16 d e t e c t o r s  in each band, a 10 x 16 p i x e l  t e s t  s i te  of uniform 
reflectance vas s e l e c t e d  from an analysis of t h e  TM Imagery of Uhite 
Sands. This s i te  was 500 m southwest of t h e  4 x 4 p ixe l  test s i t e  
descr ibed  earlier. Lts uniformity was such t h a t  none of t h e  16 rows 
of 10 p i x e l s  exhibited a variance of g r e a t e r  than 1.5 d i g i t a l  counts ,  
t h e  average var iance  being 0.9 digital count. The average number of 
digltal counts f o r  each of the 16 d e t e c t o r s  In each band i n  t h i s  10 x 
16 p ixe l  area is l i s t e d  In Table 5.7. To v e r i f y ,  a p o s t e r i o r i ,  t h a t  
t h e  l a r g e  s i te  had t h e  same r e f l e c t a n c e  as t h e  4 x 4 p i x e l  s i te,  t h e  
digi ta l  counts were compared f o r  d e t e c t o r s  3, 2, 1, 16, and 15 in t h e  
t h r e e  bands. For t h e  15 d e t e c t o r s  t h a t  sampled both  sites ( f ive  each 
i n  t h r e e  bands) t h e  d i g i t a l  count d l f f e r e n c e  between t h e  two sites was 
less  than 1 f o r  nine of t h e  d e t e c t o r s .  
It is I n t e r e s t i n g  tha t  t h e r e  w a s  a0 evidence of a l e v e l  shift, 
as described by Kleffer ,  Eliason, and Chavez (1985), i n  this pa r t  of 
t h e  scene. The 10 x 1 6  pixel a r e a  was s e l e c t e d  on t h e  bas i s  of i t s  
c l o s e  s t a t i s t i c a l  match t o  t h e  4 x 4 p i x e l  area and was l a t e r  found 
t o  have been scanned by d e t e c t o r s  1 through 8 i n  one d i r ec t ion  and by 
d e t e c t o r s  9 through 16 i n  the r eve r se  d i rec t ion .  Jiowever, i n  o t h e r  
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Table 5.7 Average M g l t a l  Counts 
f o r  t h e  10 x 16 b e l  Test Site 
in the  Three TI4 Bands 
Detector Band 2 Band 3 Band 4 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
145.4 
142.7 
141.0 
143.0 
145.2 
144.0 
142.8 
142.5 
143.4 
142.1 
141.4 
141.7 
145.2 
143.8 
146.2 
141.0 
171.5 
167.8 
167.4 
166.8 
168.4 
168.7 
167.3 
167.5 
168.8 
167.5 
166.3 
169.8 
168.6 
168.9 
170.2 
167.1 
133.8 
131.0 
133.0 
131.4 
131.2 
132.4 
131.7 
132.0 
132.6 
137.2 
130.9 
132.7 
134.2 
132.3 
130.7 
132.1 .. 
p a r t s  of the  scene,  c e r t a i n  de t ec to r s  did exhibi t  a l e v e l  s h i f t  of up 
t o  3 counts. 
The average d i g i t a l  count va lues  i n  Table 5.7 can be compared 
t o  our  computed TM en t r ance  pupil  radiance values  given in Column A 
of Table 5.5 t o  provide a s ingle  point ca l ib ra t ion  f o r  a l l  d e t e c t o r s  i n  
TM bands 2, 3, and 4. 
Summary 
The abso lu te  ca l ib ra t ion  of f i v e  d e t e c t o r s  i n  TM bands 2, 3, 
and 4, as determined by measurements a t  White Sands on January 3, 
1983, is given i n  Table 5.5. P re f l igh t  ca l ib ra t ion  r e s u l t s  agree w i t h  
t h e s e  in- f l igh t  measurements t o  6.6%, 2.4%, and 12.9% i n  bands 2, 3, 
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and 4, r e spec t ive ly .  Table 5.7 shows t h e  a b s o l u t e  c a l l b r a t i o n  ex- 
tended t o  a l l  t h e  d e t e c t o r s  in bands 2, 3, and 4. The es t ima ted  
u n c e r t d n t y  in t h e s e  r e s u l t s  is t 5 X ;  the es t imated  unce r t a in ty  in t h e  
p r e f l l g h t  c a l l b r a t i o n  is no b e t t e r  t h a n  i 6 X  (Barker e t  al., 1985b; 
Norwood and Lansing, 1983). 
Band 1 s a t u r a t e d  over t h e  snowfie ld  a t  White Sands. R e f U g h t  
d a t a  (Barker e t  al., 1985b) lndicate t h a t  a s a t u r a t i o n  l e v e l  of 255 
counts  corresponds t o  a radiance a t  t h e  sensor of 1.14 mW cm" 6r-l in 
TM band 1. 
of 1.45 mW cm" sr" a t  t h e  sensor. 
We estimate t h a t  the snowfie ld  provided a radiance l e v e l  
Calibration of J u l y  8, 1984 
The d a t a  reduction fo r  t h e  J u l y  8, 1984, c a l i b r a t i o n  has been 
r epor t ed  i n  our seventh  qua r t e r ly  r e p o r t  on Contract NAS5-27382, t o  
NASA. This s e c t i o n  has been e x t r a c t e d  from t h a t  r e p o r t  with minor 
rev is ions .  These inc lude  an ana lys i s  of t h e  diffuse-to-direct  d a t a  and 
a comparison of t h e  predicted rad iance  with t h a t  determined from t he  
p r e f l i g h t  gain and o f f s e t  values. A new test s i te  (Chuck s i t e )  w a s  
s e l e c t e d  f o r  this ca l ibra t ion .  It is 5 km e a s t  of t h e  previous s i t e  
and a t  a r i g h t  angle  bend i n  the  road. The bend f a c i l i t a t e s  l oca t ing  
t h e  si te on the  TM imagery. 
Field Measurements 
This was our  f i r s t  opportunity to acquire on-site measurements 
a t  White Sands in conjunction w i t h  Thematic Mapper imagery from Land- 
sat 5. Imagery was no t  ava i lab le  f o r  previous t r i p s  owing t o  cloud 
cover. The ins t rumenta t ion  on hand included two Barnes modular 
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m u l t i s p e c t r a l  radiometers ,  a cart and yoke ( t o  c a r r y  t h e  HMRs), t h e  
o l d e r  of Reagan's two radiometers,  bo th  of the  Castle' spcctropolar im- 
eters, f o u r  Polycordcrs,  a p r i n t e r ,  t h e  Compaq computer, and two 0.6 x 
0.6 la s t anda rd  r e f l e c t a n c e  panels. 
Sunrise  on t h e  morning of July 8 was a t  6:lO a.m. New Mexico 
is on Mountain Daylight '1Yme (MDT) this t i m e  of year, as a r e  the  times 
quoted here.  The Reagan inetrument was set up and began acquiring 
s o l a r  irradiance measurements a t  7:15 a.m. (air mass 4). Temperature, 
humidity, and p res su re  readings were taken on s i t e .  
Two 4 x 4 pixe l  t e s t  gr ids  had been l a i d  out  on t h e  previous 
visit. Each was aligned wi th  t h e  east/west scan l i n e s  expected of 
Landsat. (La ter ,  t h e  g r i d s  were found t o  be misaligned, and were ro- 
t a t e d  i n  October 1984.) A road w i t h  a 90" bend separared  the  two 
g r ids ,  f a c i l i t a t i n g  t h e i r  Iden t i f i ca t ion  on t h e  digital TM imagery. 
Each si te was measured with an MMR. S t a r t i n g  a t  t h e  cen te r  of each 
30-m p i x e l ,  f i ve  r e f l e c t a n c e  measurements were taken of the  gypsum 
sands ,  within an a rea  of about 5.0 x 0.5 m. Reflectance panel read- 
ings  were taken per iodica l ly  during t h e  course of t hese  measurements. 
(Both t h e  BaSO, and Halon panels were r eca l ib ra t ed  immediately upon 
our  r e t u r n  t o  Tucson.) The data were averaged and recorded on Poly- 
corders .  The grid no r th  of the road w a s  scanned from 11:OO t o  11:20 
a.m., using Barnes MMR S1116, mounted on a c a r t  w i t h  a BaSO, panel.  
Simultaneously,  the  south grid was scanned w i t h  Barnes MMR S t  119 
a t t ached  t o  a yoke f o r  hand operation. A painted Halon panel was used 
as the  r e fe rence  here.  In addition t o  t h e  two 4 x 4 pixe l  a r e a s ,  two 
small a r e a s  were scanned, between 10:20 and 11:44 a.m. These a reas  
t 
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were s e l e c t e d  f o r  t h e i r  c o n t r a s t ,  r ep resen t ing  extremes of U g h t  and 
d a r k  f o r  t h e  l o c a l  area, Bpd were used t o  assign r e f l e c t a n c e  va lues  
t o  t h e  d ig i t i zed  aerial photo. Mffuse-to-direct  measurements were 
t a k e n  between 8:30 and 10:20 a.m., by comparlng t h e  radiance r e f l e c t e d  
from a reflectance pane l  to  t h a t  measured in a s id l a r  conf igura t ion  
bu t  w i th  t h e  sun blocked by a Styrofoam paraso l .  These d a t a  can be 
compared with t h e  r a d i a t i v e  t r a n s f e r  code t o  v e r i f y  our atmospheric 
models. 
A h e l i c o p t e r  ove r f l l gh t  was ar ranged  f o r  this t r i p .  The 
f l i g h t  l a s t e d  a lmos t  1 hour. It had t h e  d u a l  purpose of recording 
rad iance  a t  in t e rmed ia t e  a l t i t u d e s ,  again f o r  comparison t o  the  radia- 
t i v e  t r a n s f e r  codes, and photographing t h e  site. Five r o l l s  of Ekta- 
chrome, ASA 100, were shot.  A l l  photos were taken a t  1/500 of a 
second, with a 200 mm f o c a l  length  l ens .  A series was taken a t  1829, 
a t  610, and a t  152 m (6000, 2000, and 500 f t )  AGL (above ground l e v e l ) .  
The photos were bracketed from F/16 t o  F/22. Those taken a t  610 m 
were p a r t i c u l a r l y  s u i t e d  t o  our needs. Fight colored ground c l o t h s  
had been l a i d  out  t o  define the two 4 x 4 p ixe l  a r eas  t h a t  were meas- 
ured with t h e  MMR. The b lue  and orange ground b lankets  were t h e  most 
v i s i b l e  from t h e  air, as w e l l  as t h e  easiest t o  see on the  c o l o r  
s l i d e s  . 
Langley P l o t  Computations 
The Reagan radiometer was cyc led  through i ts  narrowband 
f i l t e r  set  95 times during t h e  course  of t h e  morning. Each da ta  s e t  
included a s ta r t  and f in i sh  time ( t o  t h e  n e a r e s t  second) and a vo l t age  
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reading  f o r  each of t h e  nine s p e c t r a l  filters. These d a t a  vere w e d  
as i n p u t  t o  a program t h a t  computed solar zen i th  ang le  from ephemeris 
d a t a ,  as described earlier in this chapter .  Using a r e f r a c t i o n  cor rec-  
tion, ve c a l c u l a t e d  air masses for each measurement. 
s u l t s  are glvcn in Table 5.8. 
These Text re- 
Using measured atmospheric p r e s s u r e  (883 mbar), w e  computed 
r a y .  
t a ined  ouly  Me and molecular abso rp t ion  components, as shown in 
Figure 5.2(a). To determine yme, a curve is f i t  through a l l  t h e  
Text-*y d a t a  poin ts  t h a t  do no t  i nc lude  absorption. Normally this 
1s done by submitt ing t h e  o p t i c a l  depth  va lues  t o  a rou t ine  t h a t  f i t s  
A f t e r  s u b t r a c t i n g  this from Text, w e  p l o t t e d  a curve t h a t  con- 
them t o  an  equation of t h e  f o r m  l o g  Tme .I a ,  + aJog  x + a,(log a)', 
as described e a r l l e t .  For this case, two of t h e  s p e c t r a l  f i l t e r  d a t a  
sets were re j ec t ed  because no power was a v a i l a b l e  a t  t h e  s i te  t o  
o p e r a t e  t h e  radiometer heater.  The d a t a  f o r  t h e  0.872 and 1.03 pm 
channels are less r e l i a b l e  without t h e  tempera ture  s t a b i l i z a t i o n ,  
owing t o  f l u c t u a t i o n s  i n  d e t e c t o r  respons iv i ty .  
Ins tead  of our normal procedures ,  a manual f i t t i n g  of the data 
was performed. A curve of the form l o g  Tme = a ,  + a , log  x was 
assumed (a s t r a i g h t  l i n e  on this l o g / l o g  p lo t ) .  This is an approxima- 
t ion ,  v a l i d  only i f  t h e  aerosols  can be c o r r e c t l y  modeled a s  obeying a 
Junge r a d i a l  s i z e  d i s t r ibu t ion ,  dn /d r  = c r - (v+l ) .  In such a case  t h e  
d a t a  would f a l l  e x a c t l y  on a l i n e  whose s lope ,  a, ,  y i e lds  t h e  Junge 
parameter v by means of t h e  r e l a t i o n s h i p  a ,  = - ~ + 2 .  
t h e  0.440 and 0.780 pm d a t a  points,  a s l o p e  was determined. A t  t hese  
wavelengths t h e  ozone absorption c o e f f i c i e n t s  a r e  small. Actua l ly ,  
By using only 
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Table 5.8 Langley Plot Results 
for July 8, 1984 
0.4000 
0.4400 
0.5217 
0.6120 
0.6708 
0.7120 
0.7797 
0.8717 
1.0303 
0.4426 
0.3060 
0.1921 
0.1543 
0.1091 
0.1063 
0.0842 
0.0948 
0.1103 
0.098 1 
0.0922 
0.0824 
0.0743 
0.0699 
0.0673 
0.0634 
0.0589 
O.OS28 
0.3172 
0.2138 
0.1063 
0.0555 
0.0382 
0.0300 
0.0208 
0.0133 
0.0068 
0.0000 
0.0006 
0.0127 
0.0246 
0.0098 
0.0046 
0.0027 
0.0006 
0.0000 
Data from "Old" Reagan Radiometer (SN002) 
8 July, 1984 
Chuck Site, White Sands, N e w  Meldco 
Latitude 32,935 
h n g  tit ude 106.407 
Right as cension 7,226 hours 
Ikcllna tlon 22.365 
Difference (dec) -419.3 arc-sec 
Earth-sun distance 1.016701 AU 
Pressure 883 mbar 
a, = -1.269, a, = -0.654 
z b y  = 29123.7 (nC1>'/A' 
2949810 25540 (n-1)*10' = 6432.8 + + 
NOZ = columnar ozone 
Toz,0.612pm/a0.612~m = 213.2 matm-cm 
a = spec tra l  absorption coe f f i c i ent  
139 
! I 1  I I ' ' I I I I I I  I I I I 
i 
c 
I 
I 1 
t 
t 
n 
A 
W 
e 
i o  
t 
L 
t 
n 
a 
W 
. 
e 
I 
I 
D I  
I 
I 
0" 
Q 
r ) 4 J  
x x  
e *  
c .i c c  
rc i 
r )  ol 0 
C "  
0 - e  
I -  
4 0  
I 0  
140 
t h e  0,440 urn and 0.872 pm p a i r  is p r e f e r r e d ,  as t h e  absorp t ion  coe f f i -  
c ien ts  are approldmately equal. The d a t a  a t  0.872 ym f o r  this d a t e ,  
however, are u n r e l i a b l e ,  owing t o  t h e  t empera tu re  problem mentioned 
above. W t h  t h e  given cons t r a in t s ,  t h e  e l o p e  was found t o  be a,  = 
-0.654; t hus  v = 2.65 and a, = -1.269. 
fby, and fOz components can be computed f o r  any wavelength. 
5.2(b) shows how each  of these  components c o n t r i b u t e s  t o  t h e  t o t a l  
o p t i c a l  depth. Table 5.9 gives t h e  r e spec t ive  components f o r  t h e  TM 
midband wavelengths. These da ta  were used as input  t o  t h e  r a d i a t i v e  
t r a n s f e r  code. To be complete, a component of TH,O was included f o r  
band 4. This w a s  determined from t h e  tempera ture  (31.3"C) and rela- 
t i v e  humidity ( 3 6 % )  f o r  l a te  morning of J u l y  8. Using Fig. 4.6 w e  
f i n d  t h a t  t h e  columnar amount of water vapor f o r  this d a t e  was 
approldmately 1 g cm'* km". This corresponds t o  an o p t i c a l  depth,  
from Table 4.5, of TH,O - 0,0568 (averaged over band 4) .  Table 5.9 
/ 
H t h  t h e s e  c o n s t a n t s  t h e  tme, 
Fkgure 
a l s o  r e p o r t s  t h e  exoatmospheric s o l a r  i r r a d i a n c e ,  co r rec t ed  f o r  t h e  
earth-sun d i s t a n c e  d - 1.0167378 AU. These were computed by weighting 
Table 5.9 S p e c t r a l  Components f o r  TM Midband Wavelengths 
0.486 0.2340 0.0864 0.1421 0.0055 0. 189.162 
0.571 0.1744 0.0777 0.0735 0.0232 0. 176.723 
0.66 1 0.1226 0.0706 0.0406 0.0114 0. 149.453 
0.838 0.1342 0.0605 0.0156 0.0013 0.0568 104.284 
E, is computed by multiplying band-averaged i r r ad iance  (Table 5.10) 
d a t a  w i t h  l / d z ,  where d - 1.0167378 f o r  this da te .  
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t h e  s o l a r  irradiance d a t a  of Iqbal (1983) wi th  t h e  TW-5 response func- 
tion (Barker and Markham, 1985), namely 
( 5 .  25) 
These d a t a  are given i n  Table 5.10, f o r  each of t h e  TM-5 r e f l e c t i v e  
bands. This approach was adopted since t h e  i n t e g r a t i n g  sphere  output  
w a s  so weighted v i t h  Rx during t h e  prelaunch ca l ib ra t ion  (Barker, 
1985), and la ter  a comparison is  made t o  t h e  prelaunch ca l lb ra t ion .  
It is i n t e r e s t i n g  t h a t  E,,, when averaged (with no weighting) over t h e  
c u t w f f  l i m i t s  r epor t ed  by Palmer (1984), d i f f e r s  from those  computed 
by Eq. (5.25) by no more than 0.5%. These s o l a r  i r r ad iance  d a t a  a r e  
mul t ip l i ed  by a f a c t o r  of l / d '  t o  ob ta in  t h e  d a t a  in Table 5.9. The 
midband wavelengths of the TM senso r  were computed by Palmer (1984) 
using t h e  moments method and t h e  p r e f l i g h t  f i l t e r  t r ansmi t t ance  da t a .  
Table 5.10 Weighted Exoatmospheric 
Data f o r  Mean Earth-Sun Distance 
1 195.5475 
2 182.6889 
3 154.4979 
4 104.283 6 
5 22.0186 
7 7.4777 
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Panel Cal ibra t ion  
The Herman r a d i a t i v e  t r a n s f e r  code r equ i r e s  t h a t  t h e  abso lu te  
We have in s t ead  chosen t o  reflectance of t h e  gypsum sands be known. 
use t h e  r e f l e c t a n c e  f a c t o r  R(e,/oo>. Here e2 ie t h e  ang le  inc iden t  
upon t h e  gypsum, and 0' is t h e  r e f l e c t e d  ang le ,  equal  t o  t h e  Thematic 
U p p e r  nadir-look angle.  By use of this quan t i ty ,  t h e  amount of U g h t  
r e f l e c t e d  i n  t h e  d i r e c t i o n  of t h e  TH is a c c u r a t e l y  charac te r ized .  A 
f u l l  BRDF cha rac t e r i za t ion  would be p re fe r r ed .  The gain in accuracy 
is not  warranted, however, as t h e  BRDF d a t a  would be d i f f i c u l t  and 
time-consuming t o  obtain.  
In t h e  f i e l d  this r e f l e c t a n c e  is measured w i t h  one of two 
Barnes M M R s .  Since t h e s e  are unca l ib ra t ed ,  they  must be used i n  con- 
junc t ion  with a r e f e r e n c e  panel. 
sands  is determined by t h e  r e l a t ionsh ip  
The r e f l e c t a n c e  f a c t o r  of t h e  gypsum 
Vsand Rref 
Vref %and 
(5.26) 
Here Vsand and Vref a r e  t h e  output vo l t ages  of t h e  MMR when looking 
over  t h e  sands and r e f l e c t a n c e  pane l ,  r e spec t ive ly .  These vo l t ages  
are propor t iona l  t o  t h e  radiance s c a t t e r e d  upward and within the  i n -  
s t rumen t ' s  15" f i e l d  of v i e w  (FOV). Rref is t h e  r e f l e c t a n c e  of t h e  
pane l ,  as determined i n  the  labora tory .  On J u l y  8 one of t he  radiome- 
ters was assigned t h e  Halon panel and t h e  o t h e r  was assigned t h e  
BaSO, panel.  While looking a t  t h e  sands,  each ins t rument  was periodi- 
c a l l y  swung over t h e  re ference  panel ,  and vo l t age  readings were 
recorded. Upon our r e t u r n  t o  Tucson, we c a l i b r a t e d  both pane ls .  
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The c a l i b r a t i o n  of the pane ls  was conducted a t  t h e  Optical 
Sciences Center,  in a manner i l l u s t r a t e d  in Fig. 5.3. A tungs ten  lamp 
w a s  put at  t h e  focal point of an off-axls parabol ic  mirror.  The 
emerging c o l l l n a t e d  beam Llluminated t h e  r e fe rence  panel a t  a known 
angle.  The radiance reflected in a d i r ec t ion  normal t o  t he  aur face  
was measured using a radiometer b u i l t  by Che Nianzeng (NLanzeng, 
1984). Then the  re ference  panel was removed, and a primary s tandard 
s u r f a c e  was put  in i ts  place.  This primary s tandard  was a Halon panel 
t h a t  had been calibrated f o r  r e f l e c t a n c e  f a c t o r  Rrns(45'/0°) by NBS on 
February 8, 1984. In t h e  f i r s t  phase of t he  f i e l d  panel ca l ib ra t ion ,  
t he  r e f l e c t a n c e  f a c t o r  &f(45"/Oo) was computed from Eq. (5.18). 
Next, t h e  desired r e f l e c t a n c e  f a c t o r  was computed from Eq. (5.22). 
The above s t e p s  were repea ted  f o r  f o u r  s p e c t r a l  bandpass 
f i l t e r s ,  each 40 nm wide. The measurement unce r t a in ty  was est imated 
Aperture A 
Voi tme!cr 
Figure 5.3 Laboratory s e t u p  f o r  t h e  c a l i b r a t i o n  
of f i e ld  r e f l e c t a n c e  panels .  
144 
t o  be less than 1 X . A small error in t h e  reflectance f a c t o r  was also 
i n t roduced  owing t o  t h e  nonunifodty  of t h e  panels. 
rad iance  r e f l e c t e d  from the panels was averaged over a l a r g e r  area. 
This vas due to t h e  15' POV, 80 compared t o  t h e  1" POV of t h e  labora- 
In the f i e l d  the  
tory radiometer.  The results of the panel c a l i b r a t i o n  a r e  shown in 
- Table  5.11. A t  t h o s e  ang le s  in which t h e  r e f l e c t a n c e  f a c t o r  is 
g r e a t e r  t han  uni ty ,  more energy is d i r e c t e d  than  would be from a 
p e r f e c t  Lanber t ian  s u r f  ace. 
Ref l ec t ance  Data 
Both t h e  MMR d a t a  and t h e  panel c a l i b r a t i o n  d a t a  were used t o  
de te rmine  t h e  a b s o l u t e  r e f l e c t a n c e  of each of t h e  test  s i t e s  a t  White 
Sands. The f i e l d  measurements were taken a t  s e v e r a l  times throughout 
t h e  mornhg. The d a t a  taken  c l o s e s t  t o  t h e  t i m e  of t h e  Landsat over- 
p a s s ,  11:07:40 MDT, were used in t h e  radiance computations. 
Seve ra l  i n t e r p o l a t i o n s  had t o  be made on t h e  l a b o r a t o r y  C a l i -  
b r a t i o n  da ta .  The s o l a r  zenith a n g l e s  were f i r s t  computed f o r  those 
t i m e s  a t  which a f i e l d  measurement of t h e  gypsum sands was taken. 
The pane l  r e f l e c t a n c e  f a c t o r s  of Table 5.11 were next i n t e r p o l a t e d  t o  
f i n d  t h e  corresponding r e f l e c t a n c e  va lues  a t  these ang le s ,  f o r  the  
f o u r  s p e c t r a l  f i l t e r s  ava i l ab le  on Che's radiometer.  These wave- 
l e n g t h s  d i f f e r  from those  of the MMR; t h e r e f o r e  one f i n a l  i n t e rpo la -  
t i o n  w a s  necessary  i n  order  t o  compute t h e  r e f l e c t a n c e s  f o r  t h e  seven 
MMR wavelengths. (The wavelengths of the MMR correspond t o  those of 
t h e  TM.) 
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Table 5-11 Laboratory Callbration of t h e  Reflec- 
tance Factors of BaSO, Panel 5 and h l o n  Panel 
Irradiance Filter bandwidth (nm) 
angle (') 430-470 530-570 630-670 830-870 
i 0 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
t- 
1 . 0420 
1.0196 
1.0011 
0,9836 
0.9668 
0.9499 
0.9326 
0.9155 
0.8971 
0.8783 
0.8597 
0.8380 
0.8157 
0.7926 
&SO, Panel 5 
1.0355 
1.0138 
0.9945 
0.9779 
0.9610 
0.9449 
0.9279 
0.9119 
0.8937 
0.8765 
0.8582 
0.8390 
0.8174 
0.7929 
Halon Panel 
1 . 0205 
0.9990 
0.9807 
0.9642 
0.9479 
0,9327 
0.9169 
0.9007 
0.885 1 
0.8676 
0.8498 
0.8310 
0.8127 
0.7892 
0.9965 
0.9892 
0.9829 
0.974 1 
0.9648 
0.9556 
0.9442 
0.9319 
0.9166 
0.899 1 
0.8784 
0.8539 
0.8221 
0.7805 
1.0007 
0.9949 
0.9872 
0.9794 
0.9702 
0.9597 
0.9489 
0.9368 
0.9210 
0.9042 
0.8832 
0.8608 
0.8297 
0.7872 
1.0020 
0.995 1 
0.9888 
0.9804 
0.9716 
0.9618 
0.9499 
0.9377 
0.9231 
0.906 1 
0.8860 
0.8633 
0.83 23 
0.7919 
0.9858 
0.9651 
0.9479 
0.933 1 
0.9185 
0.9045 
0.8905 
0.8773 
0.8627 
0.8474 
0.8326 
0.8157 
0.7986 
0.7789 
1.0042 
0.9973 
0.9901 
0.9816 
0.9728 
0.9636 
0.9515 
0.939 1 
0.9253 
0.9073 
0.8877 
0.8638 
0.8343 
0.7944 
Date: July 12, 1984 
Samples: BaSO, panel 5 and Halon panel 
Reference: Halon calibrated at  ( 4 5 " / 0 ° )  geometry by 
Location: Infrared Laboratory, Optical Sciences Center 
Viewing zenith angle: 0" 
Irradiance angle: 10'-75" 
NBS (February 8, 1984) 
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The r e f l e c t a n c e  f a c t o r s  of the gypeun ware determined from 
t h e  above computed panel  r e f l ec t ance6  by means of Eq. (5.26). This 
d a t a  reduct ion  is summarized in Table 5.12. oaly t h e  d a t a  in channels 
1 through 4 are wed here.  Reflectance f a c t o r s  are given f o r  p ixe ls  1 
through 16; t hese  p ixe l s  are Ident i f ied  on Rg. 5.4. 
. I  
N n 0 Storage s h e d  
Dark Area Rood Si te  
Sou th  Site 
Figure 5.4 Schematic of Chuck s i t e  tes t  area.  
Radiative Transfer  Computations 
The mean r e f l e c t a n c e  va lues ,  given i n  bold type i n  Table 5.12, 
were used as input  t o  t h e  rad ia t ive  t r a n s f e r  code. Also input  were 
t h e  atmospheric components l i s t e d  i n  Table 5.9. The model assump- 
t i o n s ,  described earlier,  were made f o r  t he  ae roso l s .  The code was 
run f o r  s o l a r  zen i th  angles  of 25" and 35'. The output ,  given i n  . 
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Table S.12 Absolute Reflectance of Wbite Sands Test Sites 
North Site 
Baso, 
10: 52 0.957 
11:02 0.964 
10:54 0.510 
10: 57 0.503 
10: 57 0.510 
10: 58 0.515 
10: 59 0.530 
11:Ol 0.504 
ll:d2 0.964 
11:08 0.968 
11:04 0.475 
ll:05 0.488 
11:06 0.504 
11:08 0.968 
11:15 0.973 
11:08 0.488 
11:lO 0.504 
11:ll 0.512 
11:12 0.526 
11:15 0.973 
11:20 0.976 
11:17 0.501 
11: 18 0.533 
11: 19 0.511 
11:20 0.513 
Road 
Pixels 1-4.8 
BaSO 
Pixels 5-7 
BaSO, 
Pixels 9-12 
BaSO, 
Pixels 13-16 
0.952 
0.959 
0.939 0.915 
0.946 0.921 
0.858 
0.863 
0.839 
0,844 
0.715 
0.718 
0.577 0.619 0.650 0.625 0.527 0.259 
0.573 
0.58 1 
0.584 
0.60 1 
0.571 
0.616 0.648 
0.627 0.660 
0.629 0.661 
0.645 0.680 
0.617 0.652 
0.620 
0.632 
0.63 1 
0.646 
0.629 
0.517 
0.527 
0.525 
0.535 
0.526 
0.246 
0.236 
0.244 
0.23 1 
0.23 1 
0.959 
0.963 
0.946 0.921 
0.950 0.924 
0.863 
0.866 
0.844 
0.846 
0.718 
0.719 
0.538 
0.552 
0.571 
0.579 0.610 
0.594 0.626 
0.613 0.643 
0.589 
0.601 
0.611 
0.492 
0.497 
0.502 
0.233 
0.230 
0.224 
0.719 
0.719 
0.963 
0.968 
0.950 0.924 
0.954 0.929 
0.866 
0.869 
0.846 
0.849 
0.599 0.630 
0.620 0.653 
0.624 0.657 
0,643 0.676 
0.605 
0.623 
0.627 
0.637 
0.501 
0.511 
0.519 
0.520 
0.230 
0.229 
0.228 
0.213 
0.555 
0.574 
0.580 
0.597 
0.954 0.929 
0.958 0.932 
0.869 
0.871 
0.849 
0.851 
0.719 
0.720 
0.968 
0.971 
0.608 0.637 
0.644 0.674 
0.624 0.656 
0.626 0.656 
0.611 
0.640 
0.63 1 
0.621 
0.512 
0.533 
0.526 
0.508 
0.252 
0.225 
0.228 
0.215 
0.566 
0.602 
0.581 
0.583 
Cumulative: 
Mean 0.507 0.576 0.619 0,651 0.622 0.516 0.231 
SDEV 0.015 0.017 0.018 0.019 0.015 0.013 0.010 
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Table 5,12--Continued 
South Site  
Baso, 
10: 58 
11:09 
1s t Scan 
10:59 
10: 59 
11:oo 
11:oo 
11:Ol 
11:Ol 
11:02 
11:02 
11:03 
11:04 
11:04 
11:05 
11:05 
11:06 
11:06 
11:07 
Mean 
SDEV 
11:16 
11:27 . 
2nd Scan 
11: 16 
11:17 
11:17 
11:18 
11:18 
11:19 
11:19 
11:20 
11:21 
11:21 
11:22 
11:22 
11:23 
11:24 
11:24 
11:25 
Baso, 
0.973 
0.977 
0.980 
0.983 
0.965 
0.969 
0.968 
0.973 
0,970 
0.974 
0.97 1 
0.975 
0.974 
0.978 
0.625 
0.618 
0.604 
0.59 1 
0.600 
0.606 
0.630 
0.628 
0.614 
0.634 
0.637 
0.621 
0.624 
0.616 
0.632 
0.622 
0.619 
0.013 
0.233 
0.24 1 
0.229 
0.229 
0.246 
0.228 
0.25 1 
0.231 
0.236 
0.256 
0.243 
0.24 1 
0.228 
0.230 
0.250 
0.250 
0.239 
0.010 
0.489 
0.494 
0.491 
0.468 
0.487 
0.493 
0.509 
0.514 
0.486 
0.503 
0.516 
0.498 
0.510 
0.510 
0.506 
0.503 
0,499 
0.013 
0.55 1 
0.557 
0.548 
0.529 
0.546 
0.550 
0.572 
0.576 
0.546 
0.567 
0.578 
0.559 
0.57 2 
0.569 
0.56 7 
0.561 
0,5S9 
0.014 
0.599 
0.601 
0.590 
0.573 
0.588 
0.592 
0.615 
0.618 
0.590 
0.611 
0.622 
0.603 
0.616 
0.610 
0.610 
0.603 
0.603 
0.013 
0.642 
0.638 
0.627 
0.612 
0.626 
0.632 
0.653 
0.658 
0.629 
0.650 
0.660 
0.64 1 
0.654 
0.647 
0.650 
0.643 
0,641 
0.013 
0.500 
0.497 
0.481 
0.468 
0.480 
0.482 
0.508 
0.500 
0.491 
0.519 
0.512 
0.500 
0.492 
0.489 
0.514 
0.500 
0.496 
0.014 
0.976 
0.980 
0.977 
0.981 
0.980 
0.984 
0.980 
0.984 
0.986 
0.989 
0.972 
0.976 
0.975 
0.979 
0.492 
0.495 
0.494 
0.493 
0.499 
0.512 
0.508 
0.520 
0.50 I 
0.52 1 
0.519 
0.5 18 
0.520 
0.513 
0.507 
0.514 
0.552 
0.56 1 
0.557 
0.555 
0.558 
0.573 
0.571 
0.582 
0.563 
0.587 
0.582 
0.579 
0.584 
0.573 
0.573 
0.574 
0.594- 
0.607 
0.601 
0.601 
0.600 
0.618 
0.614 
0.626 
0.610 
0.633 
0.626 
0.623 
0.630 
0.618 
0.618 
0.616 
0.634 
0.646 
0.638 
0.640 
0.638 
0.659 
0.653 
0.666 
0.65 1 
0.673 
0.665 
0.662 
0.670 
0.659 
0.658 
0.655 
0.619 
0.625 
0.616 
0.621 
0.612 
0.633 
0.629 
0.638 
0.633 
0.654 
0.643 
0.642 
0.639 
0.633 
0.640 
0.630 
0.499 
0.500 
0.488 
0.494 
0.487 
0.503 
0.502 
0.503 
0.505 
0.527 
0.513 
0.517 
0.500 
0.502 
0.520 
0.501 
0.247 
0.240 
0.236 
0.239 
0.248 
0.235 
0.238 
0.234 
0.242 
0.250 
0.239 
0.249 
0.229 
0.244 
0.254 
0.250 
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Table 5 . 1 2 4 n t i n u e d  
Mean 0.508 0.570 
SDEV 0.011 0.011 
0.504 
0.011 
0.242 
0.007 
0.615 0.654 
0.012 0.012 
0.632 
0.011 
Road S i t e  
Baso, 
10: 27 0.940 0.935. 
10:32 0.943 0.939 
0.924 0.900 
0.927 0.903 
0.846 
0.849 
0.828 
0.83 1 
0.711 
0.711 
1st Dark 
10: 28 
10: 28 
10: 28 
10: 29 
10: 29 
Mean 
SDEV 
Area Scan 
0.445 0.495 
0.459 0.508 
0.463 0.513 
0.458 0.509 
0.473 0.525 
0.459 0.510 
0.010 0.011 
0.529 0.553 
0.541 0.562 
0.544 0.565 
0.543 0.564 
0.559 0.581 
0.543 0.565 
0,011 0.010 
0.540 
0.543 
0.543 
0.543 
0.558 
0.545 
0.007 
0.472 
0.473 
0.470 
0.470 
0.481 
0.473 
0.005 
0.235 
0.228 
0.223 
0.224 
0.226 
0.227 
0.005 
1st Light Area Scan 
10: 29 0.516 0.580 
10:30 0.501 0.560 
10:30 0.504 0.564 
Mean 0.507 0.568 
SDEV 0.008 0.010 
10:37 0.947 0.942 
10:40 0.949 0.944 
10: 37 0.447 0.495 
10:38 0.455 0.505 
10: 38 0.457 0.506 
10:38 0.457 0.507 
10: 38 0.476 0.525 
Mean 0.458 0.508 
SDEV 0.011 0.011 
10:39 0.516 0.578 
10:39 0.505 0.566 
10: 40 0.504 0.561 
Hean 0.509 0.568 
SDEV 0.007 0.009 
11:38 0.989 0.983 
11:42 0.991 0.986 
Baso, 
2nd Dark Area Scan 
2nd Light Area Scan 
BaSO, 
0.623 0.656 
0.600 0.632 
0.608 0.641 
0.013 0.013 
0.602 0.635 
0.607 
0.585 
0.589 
0.594 
0.012 
0.480 
0.463 
0.469 
0.47 1 
0.009 
0.178 
0.169 
0.174 
0.174 
0.004 
0.930 0.906 
0.932 0.908 
0.85 1 
0.852 
0.832 
0.834 
0.712 
0.712 
0.467 
0.473 
0.469 
0.467 
0.476 
0.470 
0.004 
0.233 
0.233 
0.224 
0.224 
0.223 
0.227 
0.005 
0.527 0.549 
0.538 0.559 
0.538 0.560 
0.540 0.562 
0.558 0.579 
0.540 0.562 
0.011 0.011 
0.534 
0.543 
0.54 1 
0.541 
0.556 
0.543 
0.008 
0.618 0.651 
0.605 0.638 
0.597 0.628 
0.607 0.639 
0.011 0.011 
0.604 
0.590 
0.583 
0.592 
0.010 
0.477 
0.463 
0.464 
0.468 
0.008 
0.177 
0.167 
0.172 
0.172 
0.005 
0.969 0.942 
0.972 0.945 
0.879 
0.881 
0.859 
0.860 
0.722 
0.723 
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3rd  Dark &ea Scan 
11:39 0.478 0.534 
11:39 0.479 0.534 
11:40 0.487 0.543 
11:40 0.485 0.542 
11:40 0.499 0.554 
Mean 0.486 0.541 
SDEV 0.008 0.008 
11:41 0.540 0.608 
11:41 0.530 0.597 
11:42 0.530 0.598 
Mean 0.533 0.601 
SDEV 0.006 0.006 
3 r d  Light Area Scan 
0.968 0.589 
0.569 0.S91 
0.S77 0.598 
0.577 0.598 
0.587 0.608 
0.576 0.597 
0.008 0.008 
0.651 0.682 
0.639 0.669 
0.639 0.667 
0.643 0.673 
0.007 0.008 
0.569 
0.567 
0.573 
0.571 
0.580 
0.572 
0.005 
0.629 
0.614 
0.613 
0.619 
0.009 
0.495 
0.488 
0.493 
0.490 
0.495 
0.492 
0.003 
0.498 
0.48 1 
0.485 
0.488 
0.009 
0.245 
0.233 
0.236 
0.233 
0.232 
0.236 
0.005 
0.189 
0.176 
0.181 
0.182 
0.006 
Table 5.13, was normalized for an  exoatmospheric solar i r r ad iance  
of 1. After i n t e r p o l a t i n g  the d a t a  f o r  a s o l a r  angle  of 29,2158' 
( t h a t  corresponding t o  the  time of t h e  overpass) ,  w e  mul t ip l ied  the  
output  by the  appropr ia te  i r rad iance  value.  These f i n a l  va lues  a r e  
given i n  Table 5.14. They a r e  t h e  radiances pred ic ted  t o  be incident  
on t h e  TM sensor  on the  morning of Ju ly  8, a s  it  imaged our  White 
Sands si te.  
Because of ins t rument  problems and d i f f i c u l t i e s  i n  accu ra t e ly  
mapping ground r e f l e c t a n c e  due t o  t h e  he l i cop te r  photography not  being 
v e r t i c a l ,  t h e  r e s u l t s  of t he  Ju ly  8, 1984, measurement have h igh  
unce r t a in t i e s  assoc ia ted  with them. In p a r t i c u l a r ,  t he  Text d a t a  a r e  
highly quest ionable  a t  longer  wavelengths,  owing t o  t h e  l ack  of tem- 
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Table 5.13 Eerman Code Output 
Zenith ang le  
25O 3 so - _  
Wavelength (w) Uavelengt h (w) 
0.571 0.661 0.838 0.571 0.661 0.838 
July 8, 1984, c a l l b r a t i o n  
v = 2.65, R = 0.02 t o  5.02, s t e p  0.04, N = 1.54-0.Oll 
T n i e  0.0777 0.0706 010605 
0.0735 0.0406 0.0156 
Tabs 0.0232 0.0114 0.0581 
Ref 1 0.576 0.619 0.651 
%ir 
Edif 
0.7477 0.7916 0.7816 
0.1262 0.1001 0.0621 
Lpath 0.0230 0.0181 0.0113 
LT 0.15760 0.17351 0.16421 
0.0777 0.0706 0.0605 
0.0735 0.0406 0.0156 
0.0232 0.0114 0.0581 
0.576 0.619 0.651 
0.6621 0.7053 0.6954 
0.1199 0.0956 0.0593 
0.0208 0.0162 0.0102 
0.14117 0.15584 0.14686 
Intermediate a l t i t u d e :  10,000 f t  above sea  l e v e l  
T M i e  
7 b Y  
?abs 
Ref1 
Edir 
&if 
5 a t h  
LT 
0.0423 
0.0584 
0.0230 
0.576 
0.7907 
0.0877 
0.0080 
0.16028 
0.0385 0.0330 0.0423 0.0385 
0.0323 0.0124 (2.0584 0.0323 
0.0113 0.0236 0.0230 0.0113 
0.619 0.651 0.576 0.619 
0.8278 0.8399 0.7043 0.7410 
0.0663 0.0395 0.0836 0.0634 
0.0068 0.0048. 0.0072 0.0060 
0.17546 0.16853 0.14343 0.15755 
0.0330 
0.0124 
0.0236 
0.651 
0.7530 
0.0380 
0.0042 
0.1507 2 
- 
k r  = Downward direct s o l a r  i r r a d i a n c e  a t  t h e  ground, 
&f = Downward d i f fuse  s o l a r  i r r ad iance  a t  t h e  ground 
COS e, exp(-Text s e c  e,) 
LT = Tota l  radiance a t  t h e  TM a t  a 5" nadir angle 
A l l  i r r ad iance  and radiance va lues  a r e  normalized for an 
exoatmospheric s o l a r  i r r ad iance  of 1. 
'i 
i 
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Table 5-11 Computed Badiance a t  Landsat Sensors 
~ 
Band L (mu cm" sr-I 
North Site 
2 26.6269 
3 24.8167 
4 15.8268 
p e r a t u r e  stabilization of t h e  solar radiometer.  It is d i f f i c u l t  t o  
assess t h e  magnitude of this uncertainty.  However, t he  measurement 
a t t e m p t  was worthwhile because of t he  experience gained i n  ins t rument  
opera t ion  and d a t a  reduction. 
Comparison t o  R e f  l i g h t  Callbration 
To compare our  predicted radiance va lues  t o  those determined 
from p r e f l i g h t  gains and o f f s e t s  ( T a b l e  1.2), w e  i den t i f i ed  t h e  no r th  
si te on t h e  digital image knowing t h a t  t h e  sou theas t  b lanket  was 
28.6 m from t h e  n e a r e s t  corner of t he  building. The d is tances  between 
this building and t h e  dark he l icopter  landing pad a r e  a l s o  known, the  
l a t t e r  appearing a s  a da rke r  pixel i n  the  d i g i t a l  image. 
Once the  s i t e  was ident i f ied ,  16 digital counts  were averaged. 
As band 1 was s a t u r a t e d ,  and as no s o l a r  radiometer  measurements were 
taken  in the  near  i n f r a r e d ,  only bands 2 through 4 were inspec ted .  
Our tes t  s i te  w a s  misaligned t o  t h e  no r th / sou th  scan  Unes  of Landsat;  
hence the  16 p ixe ls  used i n  t h e  average formed a diamond p a t t e r n ,  w i t h  
an  edge 45" from t h e  Landsat p ixe l  edges. ks average counts  were 
used, SO too were average gain and o f f s e t  va lues  used i n  the  ca l cu la -  
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t ion  ( thus  it was not Individual d e t e c t o r s  t h a t  were ca l ib ra t ed ,  but 
r a t h e r  a band average). 
through t h e  top of t h e  road, as t h e  northernmost  d e t e c t o r  of t h e  die- 
Detector 8 w a s ,  however, ident i f ied  as going 
t i z e d  quadrant was d e t e c t o r  16. Table 5.15 gives t h e  radiances d e t e r -  
nrincd from t h e  preflight da ta  base. M f f e r e n c e  in these  radiances,  
and those  determined from our ground-based ca l ib ra t ion ,  were 6.0 % , 
8.7%, and -12.4% f o r  bands 2, 3, and 4, r e spec t ive ly .  
Table 5.15 Radiances Computed from Pre f l igh t  
Calibration Gains and Of f se t s  
Band Gain Offset Count Lpre X CH 
2 7.8595 1.6896 199.2 25.1301 6.0 
3 10.2031 1.8850 234.9 22.8377 8.7 
4 10.8206 2.2373 197.75 18.0686 -12.4 
$re (average count - o f f s e t ) / g a i n  
(%round - LPre)*100 
XCH = 
LRe 
DiffuseIDirect Data 
The ana lys i s  of t he  d l f f u s e l d i r e c t  r a t i o ,  as  obtained f r o m  
measurements made on Ju ly  8, 1984, is given I n  Table 5.16. The t o t a l  
I r rad iance  Incident on the ground was f i r s t  measured, by taking a 
reading, using t h e  MMR,  of t h e  radiance of a r e fe rence  panel. On this 
d a t e  the  Barnes MMR S11116 and a BaSO, panel  were used. The d i f fuse  
component of s o l a r  I r radiance w a s  measured by blocking t h e  sun w i t h  a 
Styrofoam paraso l ,  and taking a reading from the  re ference  panel. The 
1 S4 
Trble 5.16 Mffure/Mrect b t i o s  
XHR band 
Tine (0,) 1 2 3 4 
Measured ratios : 
8:50.0 (57.77') 
8:Sl.O ~ (97.56') 
8: 59.0 (55.90') 
9: 13.0 (S2.98") 
9:22.0 (51.10') 
9:Zg.O (49.63') 
9:29.4 (49.55') 
9:41.1 (47.10') 
9:41.6 (46.99") 
9:52.9 (44.62') 
9:S3.5 (44.50") 
10:04.5 (42.19') 
10:05.0 (42.09') 
10:11.2 (40.79') 
10: 11.6 (40.71') 
0.3349 
0.3322 
0.3182 
0.2960 
0.2847 
0.2747 
0.2729 
0.2587 
0.2488 
0.2476 
0.2369 
0.2365 
0.2313 
0.2307 
0 . 2 ~ 8 8  
0 . 2 ~ 8 8  
0.2572 
0.2476 
0.2328 
0.2247 
0.2174 
0.2160 
0.20S7 
0.20S4 
0.1985 
0.1983 
0.1896 
0.1895 
0.1857 
0.1856 
0.21 14 
0.2092 
0.203s 
0.1948 
0.1887 
0.1839 
0.1824 
0.1745 
0.1731 
0.1679 
0.1694 
0.1603 
0.1607 
0,1578 
0.1587 
0.1682 
0.1676 
0.1636 
0.1579 
0.1S35 
0.1496 
0.1486 
0.1428 
0.1421 
0.1382 
0.1393 
0.1302 
0.1316 
0.1293 
0.1312 
TM band 
1 2 3 4 
Predicted ratios from Herman code output :  
(2s") 0.2483 0.1688 0.1265 0.0795 
(35') 0.2680 0.1811 0.1355 0.0853 
(45O) 0.3012 0.2016 0.1502 0.0947 
(55 ' )  0.3600 0.2368 0.1751 0.1 108 
(65') 0.4809 0.3060 0.2226 0.1411 
d i f f e r e n c e  between t h e  t o t a l  and d i f f u s e  readings gave t h e  d i r e c t  com- 
ponent. In t h e  t a b l e ,  these r a t i o s  a r e  compared with t h a t  p red ic ted  
by t h e  Herman r ad ia t ive  code. It is hoped t h a t ,  on f u t u r e  c a l i b r a -  
t i o n s ,  d a t a  such as t hese  can be used t o  v a l i d a t e  our  c a l i b r a t i o n ,  o r  
t o  a d j u s t  certain input  parameters t o  achieve more accu ra t e  resul ts .  
Progress  in this a r e a  is repor ted  by Capron (1985). 
CEAPTER 6 
SENSITIVITT OF COMPUTED RADIANCE 
TO THE INPUT PdaAMETEBS OF THE HERMAN CODE 
In this chapter  w e  analyze t h e  s e n s i t i v i t y  of computed radi- 
ance t o  t h e  fol lowing Herman code input  parameters :  
(1) Tau components: 7 k y ,  fme, fez, and TH,O 
(2) Aerosol phase function parameters :  d i s t r i b u t i o n  s lope  
(3) Vertical d is t r ibu t ions :  p re s su re ,  a e r o s o l ,  ozone, water  
( 4 )  Non-bmbertian surf aces 
( 5 )  Mult iple  s ca t t e r ing :  number of i t e r a t i o n s ,  A T  l a y e r  
(i.e., Junge v), r e f r a c t i v e  index 
vapor,  and sur face  e l eva t ion  
t h i c  knes s 
Each i n p u t  is varied i n  t u r n ,  and the  Herman rad ia t ive  t r a n s f e r  code is 
r u n  t o  determine t h e  e f f e c t  on computed radiance. For each individual  
Herman code run, a l l  Input parameters are he ld  cons tan t  except  t he  
one under study. 
in Chapter 4 and are considered r e p r e s e n t a t i v e  f o r  White Sands. 
are  summarized i n  Table 6.1. The a e r o s o l  phase func t ion  is determined 
assuming a r e f r a c t i v e  index of 1.54-0.011 and a Junge r ad ia l  s i z e  dis-  
t r i b u t i o n  with v = 2.5. Tau components are computed assuming a visi- 
b i l i t y  of 100 km, barometr ic  pressure of 900 mbar, and number densi-  
t ies  of 255 m a t m - c m  and 0.1 g cm', km" f o r  ozone and water  vapor ,  
respec t ive ly .  
f l e c t a n c e s  a r e  assumed. TM bands 1 ,  2 ,  and 5 were s e l e c t e d  f o r  
s tudy .  Band 1 contains  t h e  g r e a t e s t  amount of mu l t ip l e  s c a t t e r i n g ,  
The constant  parameters  are those  t h a t  were defined 
They 
A s o l a r  zen i th  angle  of 45" and a range of su r face  re -  
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Table 6.1 Model Parameters f o r  White Sands 
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Aerosol phase func t ion  inputs: 
Radial size dis t r ibut ion:  Jungc with v = 2.5 
Radial limits: 5.02 t o  0.02 in s t e p s  of 0.04 
Ref rac t ive  index: 1.S4-0.OU 
Vis ib i l i ty :  100 km 
Surface  barometr ic  pressure :  900 mbar 
Ozone number dens i ty :  255 m a t m - c m  
Water vapor number density:  0.1 g em' bm" 
Tau components determined from: 
S o l a r  zeni th '  angle:  45" 
Surf ace r e f l e c t a n c e  f a c t o r s  : 0, 0. 15, 0.50, 0.75 
Sur face  e leva t ion :  1.19 km (Herman code inpu t  IHGT = 23) 
AT l a y e r  thickness: 0.02 
Number of i t e r a t i o n s  : As requi red  f o r  convergence t o  <0.5 X 
band 2 t h e  g r e a t e s t  amount of ozone, and band 5 t h e  g r e a t e s t  amount 
of water vapor. After t h e  s e l e c t e d  input  parameter I s  var ied ,  t h e  
t abu la t ed .  These a r e  t h e  d i r e c t  and d i f f u s e  i r r ad iances  inc ident  a t  
t h e  ground, t h e  upwelling p a t h ,  and t o t a l  radiances r e f l e c t e d  back out 
t o  space a t  a 5" zen i th  angle and 90' .azimuth angle.  Complete job 
summaries are not included here,  but have been d i s t r i b u t e d  as an in- 
ternal memo and a r e  a v a i l a b l e  upon r eques t  (Kastner,  1985). Here only  
t h e  percentage changes I n  LT a re  given. 
It is found t h a t  many of t h e  u n c e r t a i n t i e s  f o r  a given input 
parameter a r e  a func t ion  of ground r e f l e c t a n c e .  Because of this, a 
model r e f l e c t a n c e  f a c t o r  f o r  White Sands is des i red .  T a b l e  6.2 gives 
some l a b o r a t o r y  r e f l e c t o m e t e r  d a t a ,  wh ich  provide the  r e f l e c t a n c e  of 
gypsum sand a s  a func t ion  of f o u r  l e v e l s  of moisture conten t .  Diffuse 
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Table 6.2 Laboratory Ref lec tance  Data 
f o r  Gypsum Sand 
x Dry eand Wet sand 
(urn) 1 2 1 2 
0.488 0.456 0.454 0.382 0.314 
0.659 0.528 0.534 0.469 0.390 
0.834 0.555 0.549 0.498 0.409 
1.21 0.500 0.514 0.442 0.331 
2.26 0.207 0.175 0.156 0,109 
0.560 0.500 0.504 0.433 0.357 
i l l umina t ion  w a s  provided using an i n t e g r a t i n g  sphere.  Then, l i g h t  
r e f l e c t e d  normal t o  the  sur face  was c o l l e c t e d  with a monochromator. 
The sand w a s  compared v i t h  two r e fe rence  s u r f a c e s  (a  s i l v e r  and a 
b lack  p l a t e )  t o  determine absolute  r e f l e c t a n c e .  A study of t hese  d a t a  
and those  measured a t  White Sands p i e lds  a model va lue  of 0.5 f o r  TM 
bands 1 through 5. A r e f l ec t ance  of 0.15 is s e l e c t e d  for TM band 7 .  
Oytical Depth 
When c a r e f u l  s o l a r  i r radiance measurements are made, s p e c t r a l  
o p t i c a l  depths  can be determined t o  a high degree of accuracy. A 
Langley p l o t  is made of the l o g  vo l t age  versus  air mass, the  s lope  of 
which y i e l d s  t h e  ex t inc t ion  opt ica l  thickness  of t he  atmosphere ieXt. 
Sources of e r r o r  can f a l l  i n t o  one of t h r e e  ca tegor ies :  ( 1 )  instrumen- 
t a t i o n  e r r o r s ,  (2)  e r r o r s  imposed  by t h e  atmosphere,  and (3)  errors 
assoc ia ted  with determining air mass given the  t i m e  of day a s  input .  
The s o l a r  radiometer need not be c a l i b r a t e d  i n  an abso lu te  sense  t o  
determine o p t i c a l  depth ;  hence abso lu te  c a l i b r a t i o n  errors a r e  not of 
concern. Shaw ( 1 9 7 6 )  has summarized t h e  ins t rument  errors assoc ia ted  
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wi th  a s o l a r  radiometer of his. It I s  linear t o  1% over  a range of 
I r r a d i a n c e  extending f rom E, t o  lo-%,, where E, is t h e  s o l a r  irradi- 
ance. It is s t a b l e  t o  fl% over a l h o n t h  period, and has a readout 
accuracy  of 0.2%. If t h i s  instrument l a  r e p r e s e n t a t i v e ,  then  ou r  in- 
s t rumen ta t ion  errors are no g r e a t e r  t h a n  2 % .  In t h e  next s e c t i o n  i t  
is shown t h a t  t h e  e r r o r s  assoc ia ted  wi th  an  u n c e r t a i n t y  in air mass 
have a neg l lg lb l e  e f f e c t  on t h e  de te rmina t ion  of o p t i c a l  depth. The 
g r e a t e s t  source  of e r r o r  Fn determining ex t inc t ion  o p t i c a l  depth ,  
t h e r e f o r e ,  is t h e  temporal v a d a b i l l t y  of t h e  atmosphere. On clear 
days on which w e  have c o l l e c t e d  d a t a  a t  White Sands, w e  have found 
t h e  percentage s tandard  deviation of o p t i c a l  depth has ranged from 2 %  
f o r  t h e  s h o r t  wavelengths (0.4 um),  t o  between 4 %  and 8 %  f o r  t he  
s h o r t  wave i n f r a r e d  channel (1.03 um). As a wors t  ca se ,  an uncer- 
t a i n t y  of 10% i n  ex t inc t ion  op t i ca l  depth  is assumed. 
Air Mass/Time of Day Erro r s  
Palmer (1982) defined a se t  of requirements t o  a l low t h e  exo- 
atmospheric s o l a r  irradiance t o  be determined, from t h e  Langley tech- 
nique, t o  within 0.1%. These requi rements  a r e  t h a t  t h e  hour angle  
(and hence t h e  time of day w i t h  which each measurement must be taken) 
be determined t o  0.1 sec, and t h a t  l a t i t u d e  and s o l a r  dec l ina t ion  be 
known t o  within 1 a r c  sec. Cur i n t e r e s t  is  not  t o  determine s o l a r  
i r r ad iance ,  but r a t h e r  t o  measure e x t i n c t i o n  o p t i c a l  depth ,  and the re -  
f o r e  w e  redef ine  t h e  above requirements on hour ang le ,  l a t i t u d e ,  and 
dec l ina t ion  using a p a r a l l e l  ana lys i s  and the  c o n s t r a i n t  t h a t  o p t i c a l  
depth be determined t o  within 2 % .  It is  des i red  t h a t  t h e  unce r t a in ty  
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Fn this o p t i c a l  depth  be Umited on ly  by i n s t m a e n t a t i o n  e r r o r s  
(aseumlng a t empora l ly  a t a b l e  atmo6phere), and not by the accuracy 
w i t h  which air mass can be detern incd .  The 2 %  uncertainty in text is 
more than adequate  t o  a l l o w  t h e  computation of upwelling radiance t o  
within 0 .5%.  
The Langley technique is based on t h e  logar i thm of Beer's l a w ,  
given in E q .  (5.2). By d i f f e r e n t i a t i n g  th is  equation one obta ins  
Thus t h e  t o l e r a n c e  i n  m ,  f o r  an a l lowed unce r t a in ty  i n  Text, can be 
determined. F i r s t  t h e  r e l a t i v e  e r r o r  i n  measured i r r a d i a n c e  is taken 
e q u a l  t o  t h e  r e l a t i v e  e r r o r  i n  i n t e r c e p t  i r r ad iance  E,. 
be determined by averaging the  i n t e r c e p t s  f o r  s e v e r a l  days i n  which 
measurements were made under c l e a r ,  s t a b l e  conditions,  p r e f e r a b l y  a t  
h igher  a l t i t u d e s .  This l e a d s  t o  
The l a t t e r  can 
dm d t e x t  - = - = 0.02 . 
m t e x t  
Evaluating this expression y i e lds  dm = 0.02 a t  air mass 1, and dm = 
0.13 a t  air mass 6.5. 
Of g r e a t e r  i n t e r e s t  is t h e  requirement on s o l a r  z e n i t h  angle  
and time of day. Using t h e  geometric approximation t o  air mass, the  
q u a n t i t i e s  m, e 2 ,  and h can be i n t e r r e l a t e d  using 
and 
l / m  = coS8, - rin4 s i n 6  + coo4 cos6 coa h (6.4) 
Here + is t h e  latitude of t h e  observer ,  6 t h e  s o l a r  dec l ina t ion ,  and h 
t h e  hour ang le  measured from true s o l a r  noon. Beginning with t h e  
de r iva t ive  of E q .  (6.3), one finds 
cosez dm .I dmlm . 
tan[  COS-4 l / m )  I t a n  ez 
deZ = 
Evaluating this at  dm/m = 0.02 y i e l d s  de, = = a t  air mass 1, o r  d e z  = 
0.1784O (10.7 arc mln) a t  air mass 6.5. This s t a t e s  t ha t  a l a r g e  un- 
c e r t a i n t y  in s o l a r  zeni th  angle can be t o l e r a t e d  w i t h  t h e  sun d i r e c t l y  
overhead, but  that i t  must be known t o  v i t h i n  10.7 a r c  min f o r  e2  ap- 
proximately 81'. (A f i n i t e  d i f fe rence  ca l cu la t ion  f i e l d s  an a l lowable  
unce r t a in ty  of de, = 11.4' a t  m - 1, and de2 = 0.1749' a t  m = 6.5.) 
The der iva t ive  of Eq. (6.4) is next taken i n  order  t o  assess 
t h e  a l lowab le  uncer ta in ty  i n  t i m e  of day. This der iva t ive  is  
(6- 6) 
- dm = m' (cos0 cos6 s i n  h) 
dh 
Using the  White Sands l a t i t ude  0 - 32.9' and th ree  va lues  of 6 
(-23.45", O", and 23.45', corresponding t o  the winter s o l s t i c e ,  the  
equinoxes, and the  summer s o l s t i c e )  t h e  uncer ta in ty  i n  hour angle  dh 
t -  c 
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is  computed. 
a n g l e  equa l s  1 hour of time. Resul ts  are given in Table 6.3. Ae air 
mass approaches unity t h e  allowed unce r t a in ty  in t i m e  becomes inf in-  
i t e l y  large. 
of 6.5. At worst  t h e  t i m e  must be known t o  51 sec (at 6 - 0). Thus 
t h e  determinat ion of t i m e  of day I s  f a r  l e e s  c r i t i c a l  than for the  
The unce r t a in ty  in l o c a l  t i m e  fo l lows ,  since 15' in hour 
The most s t r ingen t  requirements are found a t  an air mass 
case where exoatmospheric i r rad iance  is of i n t e r e s t .  Because we 
r eco rd  d a t a  t o  t h e  n e a r e s t  second, w e  an t i c ipa t e  t h a t  e r r o r s  r e s u l t i n g  
from u n c e r t a i n t i e s  i n  t i m e  W i l l  be negl igible .  
Table 6.3 Tolerable  Uncertainty i n  Time of Day and Solar  Declination 
m 6 h - dm dMo)  d (set) - dm 6 d6 ( a r c  min) 
dh 
2.0 
4.0 
6.5 
2.0 
4.0 
6.5 
2.0 
4.0 
6.5 
-23.45 
-23.45 
-23.45 
0.00 
0.00 
0.00 
23.45 
23.45 
23.45 
21.61 
52.76 
61.29 
53.45 
72.68 
79.44 
68.38 
87.48 
94.64 
1.1345 
9.81 13 
28.5436 
2.6980 
12.8246 
34.8733 
2.8643 
12.3 125 
32.4374 
2.020 485 
0.467 112 
0.26 1 63 
0.849 204 
0.357 86 
0.214 51 
0.800 192 
0.372 89 
0.230 55 
-3.2359 
-1 1.2083 
-27.834 7 
-2.1727 
-8.6908 
-22.9491 
- 1.5008 
-7.7381 
-22.1956 
-42.4957 
-24.5371 
-16.0S57 
-63.2899 
-31.6450 
-19.4738 
-91.6274 
-35.5410 
-20.1349 
The unce r t a in t i e s  dh and d6  were computed f o r  dm = 0.02. 
Equation (6.4) can again be d i f f e r e n t i a t e d  t o  determine the 
required accuracy i n  s o l a r  decl inat ion.  This der iva t ive  is 
- dm - m 2  (cos4 s in6 cos h - sin4 C O S 6 )  . d6 (6.7) 
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A t  t h e  worst case of m = 6.5, t h e  requirement on d6  is found t o  be 
16 arc dn. A g a h ,  this condition is e a s i l y  s a t i s f i e d .  Because 6 and 0 
can be in te rchanged  wit- E q .  (6.7), t h e  unce r t a in ty  in latitude is 
found t o  be e q u a l  t o  the  uncer ta in ty  in decl ina t ion ,  o r  16 arc pin. 
To summarize, the a l lowab le  unce r t a in t i e s  are 
0, = 10.7 a r c  min 
t i m e  = 51 sec 
4 or 6 - 16 a r c  min 
Rayleigh Optical  Depth 
The Rayleigh component of o p t i c a l  depth is determined 
from t h e  s u r f a c e  measured barometeric pressure  and Eq. (2.40). The 
barometer  can be read t o  within 0.2 mbar, and is c a l i b r a t e d  by the  
Atmospheric Sciences Laboratory (ASL) a t  White Sands s e v e r a l  times a 
year .  Other sources  of uncertainty f o r  this parameter  may be a r t r i b -  
u t ed  t o  t h e  uncer ta in ty  of columnar number dens i ty ,  t h e  wavelength 
dependence of r e f r a c t i v e  index, and t h e  anisotropy parameter.  A 2% 
unce r t a in ty  i n  ?by is  assumed. 
Table 6.4 summarizes the  results of varying ~b~ by both 2 %  
and 10% of i t s  model va lue  (compared t o  a value determined from an 
atmospheric  p re s su re  of 900 mbar). For t h e  assumed unce r t a in ty  of 
2 X ,  t h e  change i n  radiance is less than  0.1% for p = 0.50. 
of less than 2 %  was noted i n  bands 1 and 2 when p = 0. The deviat ion 
i n  t h a t  can be expected throughout t h e  year is  less than  10% of 
t h e  mean value.  The da ta  In Table 6.4 sugges t ,  t h e r e f o r e ,  t h a t  even 
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model d a t a  f o r  this parameter  are f a i r l y  a c c u r a t e  f o r  a l l  but a s u r -  
face r e f l e c t a n c e  of zero. 
Mie Optical Depth 
The unce r t a in ty  in M e  o p t i c a l  depth  is assumed equa l  t o  t h e  
u n c e r t a i n t y  i n  ex t inc t ion  o p t i c a l  depth. This is j u s t i f i e d  in t h a t  t h e  
Raylelgh component can be determined t o  a much higher l e v e l  of cer- 
t a i n t y ,  and f o r  t h e  solar radiometer wavelengths f o r  which t h e r e  is no 
molecular  absorp t ion  Tme is determined as t h e  d i f f e rence  of Text and 
thy. At o t h e r  wavelengths ‘Me can be a c c u r a t e l y  i n t e r p o l a t e d ,  as it 
is a s l o w l y  varying function. Thus a 10% l e v e l  of unce r t a in ty  i n  TMe 
is assumed a l though it is qui te  poss ib l e  t h a t  this parameter can o f t e n  
be measured t o  within 2 % .  
To a s s e s s  t h e  i m p a c t  on t h e  unce r t a in ty  of Tme, w e  ran t h e  
Herman code wi th  s e v e r a l  values of thls parameter. Inputs r ep resen t -  
ing a 2 %  and a 10% devia t ion  from model va lues  of were used, as 
w e l l  as i n p u t s  corresponding t o  v i s i b i l i t i e s  of 23 km and 200 km. 
Table 6.4 compares these  results t o  t h e  radiances computed i n  t h e  
model atmosphere (having a v i s i b i l i t y  of 100 km). The e r r o r s  in com- 
puted radiance due t o  t h e  an t i c ipa t ed  10% e r r o r  i n  TMe a r e  -0.433, 
-0.3 X , and -0.2% f o r  bands 1, 2, and 5 a t  a r e f l e c t a n c e  of 0.50. 
Larger changes i n  radiance ( 1 O X  f o r  band 5 )  a r e  noted when the  re -  
f l e c t a n c e  is zero. This seems t o  be a r e s u l t  of small changes in 
rad iances  having a l a r g e  e f f e c t  on t h e  percentage changes, when the  
ini t ia l  rad iances  were also small .  The change i n  radiance f o r  a l l  
o t h e r  r e f l e c t a n c e s ,  including p = 0.15, a r e  less than 0.5%. Errors on 
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t h e  o r d e r  of 5 %  (P = 0.50) r e s u l t  when erroneous model d a t a  are used 
( f o r  example, assuming a v i s i b f l i t y  of 23 kn when the actual v i s i b i l i t y  
is 100 kr). Such e r r o r s  in Tme are not r ep resen ta t ive ,  in that meas- 
u red  va lues  of Tme are used in t h e  ca l ib ra t ions .  F lna l ly ,  a 1 O X  de- 
d a t i o n  in Tme is s tudied  a t  s o l a r  zen i th  angles  25' and 65'. 
r e s u l t s ,  given in Table 6.5, show t h a t  t h e  radiances d i f f e r  by approxi- 
ma te ly  0.1% from the  45' study, and ind ica t e  t h a t  t he  radiances com- 
puted  a t  l a r g e  s o l a r  zenith angles vi11 be s U g h t l y  less accura te .  
These 
To model t he  uncertainty i n  radiance due t o  an unce r t a in ty  i n  
e i t h e r  7me o r  Thy, w e  use a s lmpllf ied r ad ia t ive  t r a n s f e r  equation, 
where 
and 
LT is the  normalized radiance incident  a t  an in-orbit  s e n s o r ,  and 8 ,  is 
t h e  s o l a r  zeni th  angle.  The A and B coe f f i c i en t s  a r e  determined f o r  a 
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given set of input  parameters  from t he  and Lpath ou tpu t s  of t h e  
Herman code. For example, f o r  model conditione X = 0.571 wn and P = 
0.5 w e  f i n d  A = 0.5 and B 0.1. 
By d i f f e r e n t i a t i n g  E q .  (6.8) with r e s p e c t  t o  ti, where ti  is 
e i t h e r  t h y  or tme, t h e  change in computed radiance f o r  a glven 
change i n  ii is determined: 
The fo l lowing  terms are subs t i tu ted :  
(6.10) 
It is apparent t h a t  the change i n  radiance 6LT for  a given 6 ~ i  w ll be 
highly dependent on t h e  specific va lues  of the parameters  A, B ,  y o ,  
Text,  Ts, and P .  
a funct ion of s u r f a c e  r e f l ec t ance  P .  As Ti is increased ,  the d i r e c t  
component Edir is reduced as l i g h t  is s c a t t e r e d  out  of t he  d i r e c t  
For example, i t  is i n t e r e s t i n g  t o  in spec t  Eq. (6.9) as 
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solar beam.  This effect is more o r  less o f f s e t  by an increase in 
E m .  
term of E q .  (6.91, is also reduced as fi is increased. For moderate 
values of p, however, t h i s  e f f e c t  io balanced by an increase in p a t h  
radiance. Only as p approaches zero does a 10% change in fi cause 6LT 
t o  become s i g n i f i c a n t  ( >0.5 X of LT). 
The change In t h e  upwelling direct radiance, given by t h e  second 
Ozone Opt ica l  Depth 
In King and Byrne (1976) an e r r o r  a n a l y s i s  of the determina- 
tion of ozone concludes t h a t  t h e  u n c e r t a i n t y  is on t h e  o r d e r  of 
20 matm-cm. This is 8 %  of the mean ozone value.  Our own ana lys i s  
sugges t s  t h a t  d i f f e rences  i n  tOZ of 15% can occur due t o  an uncer- 
t a i n t y  i n  t h e  Junge u parameter used t o  cha rac t e r i ze  t h e  a e r o s o l  
radial  size d i s t r ibu t ion .  
Ozone absorp t ion  is present  in bands 1 through 4. It is sig- 
n i f i c a n t ,  however, only i n  band 2 where t h e  ozone abso rp t ion  coe f f i -  
c i e n t  is l a r g e .  For this reason band 2 is used t o  e s t i m a t e  t h e  uncer- 
t a i n t y  i n  radiance due t o  an unce r t a in ty  i n  T ~ ~ .  Table 6.4 summarizes 
t h e  va r i a t ion  i n  computed radiance f o r  a 10% and 30% change i n  T ~ ~ .  
For band 2 t h e  r e s u l t i n g  changes i n  rad iance  were -0.7 % and -2.0 % , 
r e spec t ive ly .  Only a s l i g h t  dependence on ground r e f l e c t a n c e  is 
observed. A t  l a r g e r  s o l a r  zenith a n g l e s  t h e r e  is an  i n c r e a s e  i n  the  
unce r t a in ty  i n  computed radiance. From Table 6.5 t h e  u n c e r t a i n t y  is 
found t o  inc rease  t o  -0.9% a t  8, - 65" f o r  a 10% devia t ion  i n  TOZ. 
The change i n  radiances from an ozone number dens i ty  of 337 matm-cm 
is  a l s o  studied. The percentage changes i n  radiance were -0.9% and 
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-2.6% f o r  devia t ions  of 10% and 30%. This ozone amount is f a r  in 
excess of that expec ted  at  .the t e s t  site. The expected devia t ion  is 
212 t o  298 m a t m - c m ,  t h e  model White Sands va lue  being 255 m a t m - c m .  
Thia range  l a  within 30% of t h e  mean. Because of this, the uncer- 
t a i n t y  in radiance that results from using a model va lue  for T~~ is no 
g r e a t e r  t han  3 X ,  and t h e  unce r t a in ty  in radiance when using measured 
d a t a  is es t ima ted  t o  be 0.7%. 
Water Vapor Opt ica l  Depth 
Water vapor absorp t ion  a f f e c t s  TM bands 4, 5 ,  and 7. The per -  
cen tage  change in radiance is expected t o  be g r e a t e s t  f o r  band 5. 
This band, t h e r e f o r e ,  is used t o  model t h e  uncer ta in ty  i n  computed 
radiance.  For mean White Sands conditions (NH,O = 0.1 g cm" km'l), 
t h e  percentage changes i n  radiances are -0.6% and -1.9% r e s p e c t i v e l y  
f o r  changes in r ~ , o  of 10% and 30% ( p  = 0.50). 
water vapor is i nc reased ,  t h e  unce r t a in ty  in computed radiance in- 
creases f o r  a given pe rcen t  uncer ta in ty  In TB,O. For example, a t  NH,O 
= 1.0 g cm" km'l, t h e  changes in radiance corresponding t o  these  same 
changes i n  TH,O a r e  -3.9 % and -1 1.3 X . 
As t h e  amount of 
It is d i f f i c u l t  t o  assess  what our unce r t a in ty  i n  TH,O is a t  
p re sen t .  This u n c e r t a i n t y  is a func t ion  of how accura t e  t h e  L O W W  
s p e c t r a l  t r ansmi t t ance  d a t a  are, and how w e l l  we can i n f e r  t h e  colum- 
n a r  number dens i ty  of wa te r  vapor from tempera ture  and ground meas- 
ured r e l a t i v e  humidity. It I s  doub t fu l  t h a t  this technique has a n  
u n c e r t a i n t y  less t h a n  30 X . 
Current ly ,  t h e  s p e c t r o p o l a r i a e t e r s  are 
f i l t e r  set matched t o  TH bands 5 and 7. When 
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being equipped with a 
functFonal they  WFll 
allow us t o  measure the in-band o p t i c a l  depth  and give a represcnta-  
t ive  va lue  of tho f o r  each TM band. (Narrowband f i l t e r s  vill s t i l l  
be w e d  t o  measure t h e  s p e c t r a l  dependence of t m e . )  YLth these  d a t a  
t h e  unce r t a in ty  in determining t a , ~  can be reduced, and t h e  uncer- 
t a i n t y  in i ts  va lue  can be b e t t e r  assessed.  
Aerosol Phase Function Parameters 
The g r e a t e s t  source of e r r o r  in  t h e  ca l lbra t ion  methodology 
seems t o  be due t o  t h e  inpu t  parameters used i n  computing the  a e r o s o l  
scattering phase function. The r a d i a l  size dis t r ibu t ion ,  size d i s t r ibu -  
t ion  limits, and complex r e f r a c t i v e  index a r e  a l l  used t o  determine 
this func t ion  and t h e  s ing le - sca t t e r  albedo. 
The g r e a t e s t  var ia t ion  in output  radiance seems t o  r e s u l t  from 
o u r  unce r t a in ty  in t he  imaginary component of r e f r a c t i v e  index. Table 
4.3 sugges ts  t h a t  this parameter may be known only t o  within an order  
of magnitude. We chose a model va lue  of 0.Oli f o r  a l l  our ca l cu la -  
tions. This value  most c lose ly  matches t h e  measured r e f r a c t i v e  index 
of t he  smaller p a r t i c l e s .  A more appropr ia te  model va lue  f o r  t h e  
l a r g e r  p a r t i c l e  mode is  0.0031 a t  a wavelength of 0.55 Irm, o r  0.001i 
a t  1.06 vm. To assess the  impact of this uncer ta in ty  on computed ra -  
diance,  we ran t h e  Herman code f o r  t h e  model parameters and compared 
t h e  output  with t h a t  using an imaginary r e f r a c t i v e  index of 0.001i. 
For a r e f l e c t a n c e  of 0.50, the  l a r g e s t  change i n  radiance occurred a t  
t h e  s h o r t e r  wavelengths. A t  0.486 pm (TM band 1) t h e  percentage 
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change in  radiance, going from 0.011 t o  0.0011, was 3.4%. Thie de- 
c reased  t o  1.3% f o r  1.68 pn (TI4 band 5). A change of -10% was noted 
when t h e  index  w e d  was increased from 0.OU t o  0.U (TX band 1). A 
var iance  of this degree  Fa U k e l y ,  however. Aa the  wavelength de- 
c reased ,  t h e  d i f f e rence  in percentage changes f o r  d i f f e r e n t  s u r f a c e  
r e f l e c t a n c e s  grew. A t  0.486 m, t h e  percentage  changes in radiance 
were comparable f o r  p = 0, 0.50, and 0.75. At 1.68 m, however, t he  
percentage  changes f o r  these same ground r e f l e c t a n c e s  were 15%, 
1.3%, and 1.4% (using the  0.OOU data) .  A t  this wavelength, a c t u a l  
rad iances  f o r  t h e  model case  were less than  0.001 mW cm'2 sr'l 
f o r  p = 0, but g r e a t e r  than 0.03 mW sr'l f o r  a l l  o t h e r  p. 
The e f f e c t  of the  r e a l  index component w a s  less s igni f icant .  
Real va lues  of 1.50, 1.52, and 1.60 were used w h i l e  t he  imaginary corn- 
ponent remained a t  0.OK. For a l l  r e f l e c t a n c e s  except p = 0, t h e  per- 
* centage changes i n  radiances were less than  0.5%. As a wors t  case ,  
consider n = 1.60-0.Oli. For a wavelength of 0.486 percentage 
d i f f e r e n c e s  were 1.5 X ,  0.4 X ,  0.1 % , and 0.1 % f o r  r e f l e c t a n c e s  of 0, 
0.15, 0.50, and 0.75. A t  a wavelength of 1.68 these  d i f f e rences  
were 1 2 % ,  0.2%, O X ,  and O X .  The change i n  radiance was a l s o  s tudied  
f o r  t he  case n = 1.52-0.003i. Here both the  real  and imaginary compo- 
nen t s  are varied simultaneously t o  a degree  t h a t  is r ep resen ta t ive  of 
t h e i r  expected deviation. The changes i n  radiance were 2.4%, 2.22, 
and 1.0% f o r  t h e  t h r e e  bands a t  p = 0.50. 
To s tudy  t h e  e f f e c t  of r a d i a l  s i z e  d i s t r i b u t i o n ,  w e  v a r i e d  t h e  
Junge v parameter from 2.5. In most ca ses ,  t h e  percentage changes i n  
radiance were l e s s  than  0.5% f o r  6v  < 10.5 I. The exceptions were f o r  
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I .  
a r e f l e c t a n c e  of 0, and f o r  TH band 5. For example, a t  0.486 )rm and 
v - 3.0 the percentage changes f o r  r e f l e c t a n c e 8  of 0, 0.50, and 0.75 
w e r e  4 . 3 % .  0.5%, and 0.5%. w h i l e  a t  1.68 t h e  changes were 1 5 . 0 % .  
-0.32, and -0.3%. 
in radiances, at  p = 0.50, ranged from -1 .7% t o  -5 .6% through the 
wavelength range 0,486 t o  1.68 m. Although this would imply a 
large unce r t a in ty  i n  computed radiance,  such an uncer ta in ty  in v I s  
When v vas set equal t o  4.0. t he  percentage change 
unukely. 
Vert ical  Ms t r ibu t lons  
To s tudy  t h e  impact on computed upwelling radiance (exoatmos- 
pherlc) ,  w e  var ied  t h e  ae roso l ,  p ressure ,  ozone, and v a t e r  vapor ver-  
t i ca l  p r o f i l e s  one a t  a t i m e .  Three types of deviations were modeled: 
"random," " l inear ,"  and "accentuated." In t h e  random s tudy ,  t he  number 
dens i ty  f o r  a p a r t i c u l a r  layer  was modified by a mul t ip l i ca t ive  f ac -  
t o r ,  Gaussian d f s t r ibu ted  about t he  a c t u a l  number dens i ty ,  and having 
a s tandard  deviat ion of 0.25. For the  l i n e a r  s tudy ,  t h e  t o t a l  o p t i c a l  
depth  a t  a given l a y e r  was decreased by a f a c t o r  t h a t  increased  by 1 %  
p e r  layer ,  moving up t h e  atmosphere. In t h e  accentuated s tudy ,  t h e  
p r o f i l e s  were nonl inear ly  decreased o r  increased ,  depending on whether 
the l a y e r  number was s m a l l e r  or l a r g e r  than  t h e  mean. 
Resul t s ,  as given i n  Table 6.4, were inconclusive.  When only 
t h e  ozone or water p r o f i l e  was varied,  ne i the r  deviat ion model 
a f f e c t e d  the  computed radiances. However, l a r g e  deviat ions (approxi- 
mately 6 %  f o r  band 5 )  were n o t e d  f o r  t h e  ae roso l  s tudy  i n  which the  
random model was used. here ,  however, l a y e r  number dens i t i e s  var ied ,  
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on t h e  average, by 25%. Also, l a r g e  dev ia t ions  (on t h e  o r d e r  of 3 % )  
were noted  in t h e  p re s su re  p r o f i l e s  f o r  band 1, f o r  both t h e  random 
and accentua ted  studies. To es t ima te  t h e  u n c e r t a i n t y  that results 
from our choice of model p r o f l l e s ,  more informat ion  i s  needed as t o  
t h e  expected p r o f i l e  deviations. 
The s u r f a c e  e l e v a t i o n  is inpu t  i n t o  t h e  Berman code by t h e  
parameter  IHGT. For IEGT = 23, corresponding t o  t h e  White Sands ele- 
v a t i o n  of 1.193 km, a l l  l a y e r e  less than  l a y e r  number 23 are assigned 
a n  o p t i c a l  depth of zero. 
l a y e r  number 23. 
t o  t h e  v e r t i c a l  d i s t r i b u t i o n  p ro f i l e s .  When IHGT = 1 t h e  percentage 
d i f f e r e n c e s  in radiance are qui te  small. That is, t h e  radiances d i f -  
f e r e d  by less than  % l X  f o r  t he  t h r e e  bands s tudied .  
l o n g  as this parameter is input i n t o  t h e  code, any unce r t a in ty  i n  
a c t u a l  e leva t ion .  wi l l  r e s u l t  in a neg l ig ib l e  e r r o r .  
The inpu t  t parameters are then  assigned t o  
Above this the o p t i c a l  depth  decreases  i n  propor t ion  
Therefore,  a s  
Non-Lambertian Surf aces  
~~ 
To model t h e  t r a n s f e r  of r ad ian t  f l u x  within t h e  atmosphere, 
t h e  s u r f a c e  b id i r ec t iona l  r e f l e c t a n c e  f a c t o r  (BRDF) must be a c c u r a t e l y  
measured. 
angu la r  pairs.  
d i r e c t i o n  (e ' ; * ' )  t o  t h e  t o t a l  i r r ad iance  on t h e  s u r f a c e  from the 
d i r e c t i o n  (e;+).) A complete BRDF ana lys i s  is both time-consuming and 
d i f f i c u l t  t o  measure. The equipment requi red  is r e l a t i v e l y  complex, 
and i t  is o f t e n  d i f f i c u l t  t o  measure t h e  inc ident  i r r ad iance .  For 
t h e s e  reasons,  a l t e r n a t i v e  methods of cha rac t e r i z ing  the  s u r f  ace r e -  
This prope r ty  must be determined f o r  a number of d i s c r e t e  
(The BRDF is t h e  r a t i o  of t h e  radiance r e f l e c t e d  i n  t h e  
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f l e c t a n c e  are o f t e n  sought. 
s l g n l f l c a n t  errors when used In conjunction with t h e  r ad ia t ive  t r a n s f e r  
code. 
These s l n p l l f l c a t i o n a  must n o t  i n t roduce  
We chose t o  characterize t h e  gypruo sand by measuring the 
reflectance f a c t o r .  The reflectance f a c t o r  I s  t h e  ratio of t h e  f l u x  
r e f l e c t e d  by a sample s u r f a c e  ( the  f i e l d  s i t e )  t o  the  f l u x  t h a t  vould 
be r e f l e c t e d  I n t o  t h e  same beam geometry by an I d e n t i c a l l y  i r r a d i a t e d  
Lambettian s u r f a c e  of ua i ty  r e f l ec t ance .  The reference  panels  used a t  
White Sands are of Halon o r  &SO, and have been ca l lb ra t ed  i n  the  lab-  
o r a t o r y  t o  c h a r a c t e r i z e  t h e i r  depa r tu re  from Lambertian behavior. 
Only t h e  R(0z;O") component of t he  gypsum sand is measured i n  
t h e  f i e l d .  For a l l  TM ca l lb ra t ions  done t o  d a t e ,  we have assumed t h a t  
this is t h e  only  component t h a t  needs t o  be determined accu ra t e ly .  
This is based on t h e  premise t h a t  t h e  radiance t h a t  is d i r e c t l y  re- 
f l e c t e d  toward the  Landsat sensors  w i l l  be dominated by the  ( 8 , ; O O )  
beam, and t h a t  t h e  t es t  s i te  a t  White Sands is near ly  Lambertian. If 
t h e  s u r f a c e  were t r u l y  Lambertian, t h e  r e f l e c t e d  port ion of t h e  inti- 
d e n t  i r r ad iance  would be d i s t r ibu ted  uniformly i n  a l l  d i rec t ions .  Once 
t h e  r e f l e c t a n c e  f a c t o r  is measured f o r  one geometry, i t  is known f o r  
a l l  o the r s .  Thus, R ( 8 z ; 0 0 )  is  a l l  t h a t  is required.  If t h e  s u r f a c e  is 
n o t  s t r i c t l y  Lambertian, then the  e r r o r  incur red  wil l  be dependent on 
i t s  degree of depar ture .  
Even I f  t h e  su r face  were no t  d i f f u s e ,  t h e  t r a n s f e r  of rad ian t  
f l u x  could be made, using only R( 8,;Oo), provided the re  was no mult i -  
p l e  s c a t t e r i n g  within the  atmosphere. In r e a l i t y ,  rad ian t  f l u x  i s  
s c a t t e r e d  out  of t he  s o l a r  beam and is inc ident  on the  s u r f a c e  i n  a l l  
d i rec t ions .  Mter  r e f l e c t i o n ,  diffuse 
upward hemisphere. Of t h e  r e f l e c t e d  
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r ad ia t ion  is s c a t t e r e d  i n t o  t h e  
energy t h a t  is not initially 
directed t o v a r d  t h e  Landsat sensors, some e v e n t u a l l y  enters t h e  
entrance a p e r t u r e  of t h e  TM sensor ,  but only after I t  has been scat- 
tered by t h e  atmosphere. 
In assuming Lambertian s u r f  ace c h a r a c t e r i s t i c s  and clear 
a tmospher ic  conditions f o r  White Sands, some unce r t a in ty  is in t roduced  
i n t o  t h e  radiance computed f o r  t h e  TM. To assess this e r r o r  a s tudy  
has  been made using a modified vers ion  of t h e  Herman r a d i a t i v e  
t r a n s f e r  code. Su r faces  t h a t  deviated by 5 % ,  l o % ,  and 2 0 %  from 
Lambertian a t  a r e f l e c t e d  angle of 90" were used f o r  t he  study. 
Re f l ec t ance  va lues  f o r  o t h e r  angles were computed assuming a l i n e a r  
devia t ion  between R( eZ;Oo) and R( e z ; 9 0 0 ) .  
Figure 2.5 (page 24)  was a p l o t  of t h e  r e f l e c t a n c e  of gypsum 
sand, as measured in o u r  l abora to ry ,  as a func t ion  of angle.  For this 
s t u d y  sands  were c o l l e c t e d  at s e v e r a l  sites throughout t h e  White 
Sands Missile Range. To simulate a v a r i e t y  of moisture conditions 
some samples of t h e  sand were moistened and some baked. The d a t a  f o r  
= 0.55 i n d i c a t e  t h a t  r e f l e c t a n c e  increased  by about 7 %  over the  
40" range studied. 
ties of t h e  gypsum a t  White Sands, i n  s i t u .  
r e p o r t  t h a t  t h e  an iso t ropy  of r e f l e c t i o n  seems t o  be a func t ion  of 
s o l a r  zen i th  angle.  For low va lues  no an iso t ropy  was noted. A t  
l a r g e r  z e n i t h  ang le s  they  specu la t e  t h a t  specu la r  r e f l e c t i o n  is more 
predominate. At Bz = 22", the sands  seemed t o  devia te  by l e s s  than 
5 %  from being Lambertian; f o r  ez  > 5 5 " ,  t h e  deviation was on t h e  
Other groups have measured t h e  Lambertian proper- 
Eaton and Mrmhirm (1979)  
e -  
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o r d e r  of 20% f o r  a l l  but t h e  backaca t t e r  d i rec t ion .  Bere t h e r e  w a s  a 
60 X devia t ion  from t h a t  measured a t  R( e2;Oo). 
In Table 6.4 t h e  Bcrman code output  is given f o r  5 % , lo%, and 
20% d e p a r t u r e s  from Lambettian behavior. Mf fe rencee  in rad iances  of 
0 .7%,  1.4%, and 2.0% were noted at  band 1, p - 0.5. 
t a i n t y  in t h e  TM c a l i b r a t i o n  can t h e r e f o r e  r e s u l t  i f  t h e  non-Lamber- 
t i a n  c h a r a c t e r i s t i c s  of t h e  gypsum a r e  not  accounted f o r .  Curren t ly  
equipment is being b u i l t  t o  measure R(ez;e) in t h e  f i e l d  a t  o t h e r  
a n g l e s  of r e f l e c t i o n .  
A l a r g e  uncer- 
Mu1 t l p l e  S c a t t e r i n g  
It is of i n t e r e s t  t o  determine t h e  Importance of using a radi- 
a t ive t r a n s f e r  code t h a t  accounts f o r  mul t ip l e ,  not j u s t  s i n g l e ,  
S c a t t e r i n g .  The Herman code s t a r t s  by assuming t h e r e  is no d i f f u s e  
i l l u m i n a t i o n  within t h e  atmosphere. That is, t h e  only  source  of light: 
is t h a t  due t o  direct s o l a r  i l lumination. A t  each l a y e r  of t h e  atmos- 
phe re ,  a s i n g l e  scatter out of t h e  s o l a r  beam occurs. Each of these 
new s c a t t e r e d  r ays  is t r a c e d ,  and any s c a t t e r i n g  from them is noted. 
A s i n g l e  pass is completed when t h e s e  rays  are t r a c e d  from t h e  top of 
t h e  atmosphere, r e f l e c t e d  from t h e  s u r f a c e ,  and re turned  back up 
through t h e  atmosphere. For each add i t iona l  pass  another o rde r  of 
m u l t i p l e  s c a t t e r i n g  is accounted f o r .  Thus, t h e  d i f f e r e n c e  In t h e  
f i n a l  ex i t i ng  radiance t o  t h a t  which is computed f o r  t h e  f i r s t  pass is 
r e p r e s e n t a t i v e  of t h e  e f f e c t s  of mu l t ip l e  s c a t t e r i n g .  For t h e  model 
r e f l e c t a n c e  of 0.5, t h e  deviation i n  radiance between the  f i r s t  and 
l a s t  passes is on t h e  order  of -32X for band 1 and -14% f o r  band 5. 
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Reflectance Fac to r  Uncertainty 
The u n c e r t a i n t y  In  measured r e f l e c t a n c e  is 
a b U t y  t o  c a l i b r a t e  t h e  f i e l d  r e f e r e n c e  s t anda rds .  
l imi ted  by our  
This u n c e r t a i n t y  
is 1.5% in t h e  l a b o r a t o r y  and approxlmately 2 %  in t he  f i e l d .  From 
t h e  J u l y  d a t a ,  t h e  test  s i te  uni formi ty  was about 1.5% ( t h e  RMS 
pixe l - to-p ixe l  v a r i a t i o n  in r e f l ec t ance ) .  We bel leve  t h a t ,  by use of 
h e l i c o p t e r  photography, extended areas can be cha rac t e r i zed  t o  within 
2 % . Any u n c e r t a i n t y  in s u r f  ace r e f l e c t a n c e  produces approxlmately 
t h e  same u n c e r t a i n t y  i n  computed radiance. 
Intermediate Al t i t ude  Resu l t s  
Table 6.6 gives the r e s u l t s  of t h e  in te rmedia te  a l t i t u d e  stud- 
ies. The r ad ia t ive  t r a n s f e r  code was used t o  compute t h e  radiances 
inc iden t  on a senso r  a t  1.37 km, 1.83 km, 3.05 km, 11.22 km, and 
21.22 km. The f i r s t  t h r e e  a l t i t u d e s  are used t o  model what t h e  
he l icopter -mounted  spec t ropo la r ime te r  would s e e  a t  500 f t , 2000 f t ,  
and 6000 f t  above t h e  ground. The l a s t  two a r e  used t o  model the 
e f f e c t s  viewed from a high-altitude a i r c r a f t .  
In (a) t h e  percentage changes between t h e  radiances above t h e  
atmosphere and those  computed a t  t h e  in t e rmed ia t e  a l t i t u d e s  a r e  s tud-  
ied.  A t  p = 0.50, t h e  d i f fe rences  i n  rad iances  decreased a s  the  sensor  
moved up the  atmosphere. For example, i n  band 1 the  d i f f e rences  a s  
t h e  sensor  ascended were -4.O%, - 3 . 8 % ,  - 3 . 3 % ,  -0.5%, and 0.3%. Band 
2 predicted t h a t  t h e  radiance d i f f e r e n c e s  would increase  w i t h  increas-  
i n g  a l t i t u d e .  S t i l l ,  t h e  percentage d i f f e r e n c e s  were small  ( 5 2  % >. 
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Next, i n  (b), t h e  d i f f e rences  i n  meaeured radiance a t  a given 
a l t i t u d e  were s tud ied  f o r  a change i n  t h e  model input  parameters.  
example,  consider t h e  h ighes t  he l i cop te r  a l t i t u d e  of 3.05 km ASL. In 
band 1, a 2 % change in ‘by corresponded t o  a -0.1 X change i n  radi- 
ance, a 10% change i n  t ~ e  r e s u l t e d  i n  a -0.4% change i n  rad iance ,  a 
10 % change i n  ‘ 1 ~ 2  y i e l d s  -0.1 X i n  radiance,  and a r e f r a c t i v e  index of 
1.52-0.0031 gives a 2.0% change. Resu l t s  f o r  t h e  o t h e r  bands are s i m -  
i lar ,  wi th  a 3 0 %  change i n  TH,O yie ld ing  a -1.2% change i n  radiance. 
To s tudy  t h e  e f f e c t s  on v a r i a t i o n s  i n  t h e  v e r t i c a l  p r o f i l e s ,  
w e  made t h r e e  modifications t o  each p r o f i l e .  These were t h e  random, 
l i n e a r ,  and accentua ted  models defined earlier. In g e n e r a l ,  changes 
were less than  2 %  ( P  = 0.50). As t h e r e  are no tab le  except ions ,  par- 
t i c u l a r l y  i n  band 5 ,  the v e r t i c a l  d i s t r i b u t i o n  model used w i l l  indeed 
For 
affect  t h e  accuracy t o  which the Herman code can p red ic t  radiances a t  
h e l i c o p t e r  a1 t i t u d e s  . 
Uncertainty Analysis Summary 
Table 6.7 summarizes the  u n c e r t a i n t i e s  an t i c ipa t ed  f o r  our  
c a l i b r a t i o n ,  assuming average atmospheric conditions f o r  White Sands. 
The accuracy  of this technique seems dependent on t h e  accuracy wi th  
which t h e  s u r f a c e  r e f l e c t a n c e  can be measured, and the  v a l i d i t y  of t h e  
assumptions made on t h e  aerosol  parameters.  The r e s u l t i n g  uncer ta in-  
ties in computed radiance are approldmately 4% due t o  t h e  u n c e r t a i n t y  
i n  t h e  imaginary component of r e f r a c t i v e  index, and 1 X t o  2 X due t o  
u n c e r t a i n t i e s  i n  t h e  radial size d i s t r i b u t i o n ,  ground r e f l e c t a n c e ,  t h e  
Lambertian assumption, and our u n c e r t a i n t y  i n  published s o l a r  i r r a d i -  
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ance da ta .  Smal le r  e r r o r s  r e s u l t  from e r r o r s  in t he  o p t i c a l  depth 
components and air mass computations. An o v e r a l l  root-sum-square 
(rss) unce r t a in ty  of 6 %  can t he re fo re  be expected. 
Table 6.7 Summary of Uncertainties in Cal lbra t ion  
k v e l  of 
unce r t a in ty  
4% Aerosol imaginary r e f  r a c t l v e  index 
1 % - 2 X  Aerosol radial s i z e  d i s t r i b u t i o n  
Ground r e f l e c t a n c e  
Lambertian assumption 
Exoatmospherlc i r r ad iance  
<1 x Optical depth components 
So la r  zeni th  angle  
Neg J ig ib l e  Surf ace e l eva t ion  
CHAPTER 7 
PROGRESS TO DATE, AND 
RECOMMENDATIONS FOR FUTURE WORK 
Since t h e  Ju ly  8 ,  1984, c a l i b r a t i o n  an addi t iona l  set of cali- 
b r a t i o n  d a t a  has been eva lua ted ,  f u r t h e r  techniques t o  inc rease  t h e  
accuracy  of c a l l b r a t i o n  have been proposed, and p lans  t o  c o l l a b o r a t e  
wi th  o t h e r  groups have been made. These i t ems  are discussed below. 
~ 
R o g r e s s  
(1) October 28, 1984, ca l ib ra t ion .  The o p t i c a l  depth compo- 
n e n t s  were determined from the same Reagan radiometer ("older" model, 
SN002) as w a s  used i n  July.  As w e  now have access  t o  a building on 
t h e  site, and t h e r e f  o r e  have e l e c t r i c a l  power ava i l ab le ,  t h e  radiome- 
ter h e a t e r  vas used. Thus it i s  f e l t  t h a t  t h e  ex t inc t ion  o p t i c a l  
dep th  w a s  determined t o  s u f f i c i e n t  accuracy t o  obtain a good c a l i b r a -  
t ion .  Despite this, t h e  ca l ib ra t ion  va lues  of .October 28 d i f f e r e d  s ig-  
n i f i c a n t l y  from those  determined i n  July. The helicopter-mounted 
C a s t l e  spec t ropo la r ime te r  c o l l e c t e d  d a t a  on October 28, and an ex- 
t e n s i v e  ana lys i s  was made t o  compare t h e  radiance predic ted  a t  t h e  
h e l l c o p t e r  a l t i t u d e s  t o  t h e  radiances measured by this ins t rument .  
Agreement was found only f o r  TM band 3. Mffuse-to-direct s o l a r  
measurements were a l s o  made on October 28; this r a t i o  agreed w e l l  
w i th  that predic ted  by the  Herman code f o r  bands 2 and 3 but no t  f o r  
bands 1 and 4. 
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(2) The Chuck s i te  has been extended t o  a 4 X 16 p i x e l  area. 
This a 1  a l l o w  a l l  16 d e t e c t o r s  v i th ln  each TM band t o  be individu- 
ally calibrated. 
Future Plans 
(1) Helicopter-based ca l ib ra t ion .  Plans c u r r e n t l y  call  f o r  
t h e  Castle spec t ropo la r ime te r  t o  be equipped with s p e c t r a l  f i l t e r s  
t h a t  are matched t o  t h e  Thematic Mapper. Data c o l l e c t e d  with this 
ins t rumen t  w i l l  t hen  be used t o  v e r i f y  t h e  Herman code, and a l s o  t o  
provide a n  independent TM ca l ibra t ion .  
t h e  rad iance  a t  t h e  he l i cop te r  a l t i t u d e  of 3.05 km ASL (6000 f e e t  
The l a t t e r  is f e a s i b l e  because 
above the ground a t  White Sands) d i f f e r s  by only  a few percent  from 
that inc iden t  a t  t h e  TM sensor.  
(2) k l i c o p t e r  photography. Plans ca l l  f o r  continued use of 
v e r t i c a l  aerial photography taken from a he l i cop te r .  The image of t h e  
ground s i te  can be later digit ized and used t o  map r e f l e c t a n c e  var ia -  
tions over  t h e  site. 
(3) Secondary tes t  s i t e .  A farm a r e a  a t  Maricopa ( Jus t  sou th  
of Phoenix) will be used as a secondary s i t e .  The area is a square  
mile in s i z e ,  f l a t ,  and uniform i n  r e f l e c t a n c e  except f o r  f i v e  dirt 
roads  . 
(4) Mf f u s e / d i r e c t  ra t io .  These d a t a  are r o u t i n e l y  c o l l e c t e d  
They wil l  continue i n  the f i e l d  as p a r t  of t h e  c a l l b r a t i o n  d a t a  set. 
t o  be w e d  t o  v e r i f y  t h e  rad ia t ive  t r a n s f e r  code and i t s  inpu t  assump- 
t ions .  P a r t i c u l a r  a t t e n t i o n  w i l l  be given t o  va l ida t ing  t h e  imaginary 
E -  
\ 
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component of r e f r a c t i v e  index used i n  t h e  r a d i a t i v e  t r a n s f e r  c a l c u l a -  
t i o n ,  as has  been suggested in Herman and Browning (1975). 
( 5 )  Inversion technique. Plans cal l  f o r  i nves t iga t ing  t h e  use 
of invers ion  techniques t o  help Improve t h e  cha rac t e r i za t ion  of t h e  
a e r o s o l  radial s i z e  d is t r ibu t ion .  
(6) Col labora t ion  w i t h  t h e  National Oceanic and Atmospheric 
Administration (NOAA). An independent c a l i b r a t i o n ,  made by NOAA pe t -  
sonnel  from high a l t i t u d e  a i r c r a f t ,  w i l l  p r e d i c t  t h e  radiance a t  t h e  
TM. These d a t a  wi l l  be compared t o  rad iances  computed from our  
ground-based measurements. 
(7) SPOT (Systsme R o b a t o i r e  d 'observa t ion  de l a  Terre). A 
c o n t r a c t  has r e c e n t l y  been received t o  c a l i b r a t e  this French remote 
sensing system. Launch is expected i n  t h e  f a l l  of 1985. Use w i l l  be 
made of this senso r ' s  pointing c a p a b i l i t i e s ,  which will a l l o w  roughly 
two c a l l b r a t i o n s  t o  be made i n  a week. 
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